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Synopsis

Title: Role of HtrA2 and its Domains in Regulating its Specificity and Functions

1. Introduction:

HtrA2 (High Temperature Requirement Protease A2) is a proapoptotic mitochondrial serine
protease conserved from prokaryotes to humans (1). The full-length human HtrA2/Omi is a 50
kDa protein with a mitochondrial targeting signal (MTS) at its N-terminal end, a transmembrane
domain(TM), Inhibitor of Apoptosis Proteins (IAPs) binding motif, a serine protease domain and
a PDZ domain (2). The N-terminal 133 residues are cleaved after its release from mitochondria,
there by generating a 36 kDa active form (3-6).

HtrA2 plays an important role in intrinsic apoptotic pathway by binding and cleaving IAP
proteins thus relieves the inhibition on caspases (2). HtrA2, via its serine protease activity,
induces caspase independent pathway by regulating the antiapoptotic proteins such as FLIP (7),
Ped/Peal5 (8) and Hax1(9). This unique property has made it an interesting therapeutic target
where caspase activation is prevented or inhibited.

Crystallographic data of mature substrate unbound from of HtrA2 provided only the broad
overview of its structural organization (10). It has a trimeric pyramidal architecture with the
short N-terminal region form the top and the PDZ domains are located at the bottom of the
structure. The core serine protease domains (SPD) are surrounded by C-terminal PDZ domains
which restrict entry of the substrates to the active-site leading to a low basal activity. PDZ is
attached covalently to the SPD through a flexible interface linker sequence and it is believed that
the PDZ-protease dynamics and their relative orientation modulate HtrA2 activity and hence

functions. These observations led to development of an activation model, which highlights the
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role of PDZ in substrate binding and subsequent protease activation (10). The model states that
upon substrate binding, the PDZ that otherwise falls on the protease domain opens up allowing
the substrate to enter the binding pocket. Although the model provides a basic understanding of
HtrA2 activation, it could neither satisfactorily define the roles of trimerization and N-terminal
region in HtrA2 functions nor decipher the dynamics of PDZ-protease crosstalk as electron
density for both the linker and part of the N-terminal is not available in the structural data.
Therefore, to understand mode of HtrA2 activation, intricate dissection of its structure with

functional correlation is required.

Aims and Objectives:-

1. Characterization of structural properties and conformational stability of HtrA2 and the
role of its different domains in protein function and specificity. Aim 1 is further divided into
the following sub headings
a) Importance of trimerization for HtrA2 activity

b) Role of different domain coordination, critical residues involved and interdomain
dynamics in regulating substrate specificity and activity

2. To understand the interaction of proapoptotic serine protease HtrA2 with antiapoptotic

binding partner cum substrate—Pea 15

2. Materials and methods:

Using structure-guided design, molecular biology and protein biochemistry various combinations
of HtrA2 and Peal5 mutants were obtained. Recombinant proteins were expressed and purified
using different chromatography techniques including affinity and size-exclusion, and their
percentage purity was determined using SDS-PAGE. Conformational changes and stability were
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characterized using spectroscopic tools, while functional studies were delineated using

enzymology studies.

Results and discussion:

3.1 Characterization of structural properties and conformational stability of HtrA2 and the

role of its different domains in protein function and specificity

3.1.1. Importance of trimerization for HtrA2 activity:

i. Construction of different HtrA2 variants

Different mutants and variants of HtrA2 were generated to understand the role of critical residues
and contributions from different domain combinations in maintaining its overall structural
integrity and functions. N-SPD (trimeric protein without PDZ inhibition), SPD (without N-
terminal and PDZ domain), monomeric HtrA2(F16D) (which is reported monomeric in the
literature), N-SPD(F16D) (monomeric mutant without PDZ inhibition) and SPD-PDZ (should
mimic monomeric mutant without N-terminal) have been cloned and purified. Since HtrA2
protein sequence does not contain any tryptophan residue, single tryptophan mutants were
generated one in the protease domain (N48W) and another in the PDZ domain (Y295W)
respectively to monitor and compare the environment surrounding the tryptophan in these
proteins spectroscopically. HtrA2(M190R) mutant was introduced in serine protease domain,
which is supposed to negatively affect the activity by disrupting the interdomain contacts as

suggested by existing activation model of HtrA2 (10).
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ii. Requirement of N-terminal for oligomerisation

Oligomeric properties of HtrA2 variants were determined using gel filtration chromatography.
HtrA2 (wild type) and N-SPD are trimers with intact N-terminal region. HtrA2(F16D), N-
SPD(F16D) and SPD-PDZ represents monomers highlighting the importance of N-terminal and

F16 in particular for homotrimerization of HtrA2 as suggested by the literature (10).

iii. Protease assays

Protease activity of HtrA2, its variants and mutants was studied to understand the role of
different domains in regulating HtrA2 activity and specificity using -casein (known substrate of
HtrA2) and FITC-labeled B casein-fluorogenic substrate. Wild type, N-SPD, HtrA2(M190R)
cleaved B casein while monomeric mutants showed less activity than trimers. This highlights the
importance of trimerization in HtrA2 activity. SPD and SPD-PDZ that do not have N-terminal
region showed lesser activity compared to their full-length monomeric counterparts. This
highlights the importance of N-terminal in formation of proper active-site conformation. HtrA2
and HtrA2(M190R) showed similar substrate binding affinity (Kp) however, the catalytic
efficiency for HtrA2(M190R) is ~4 folds higher than the wild-type suggesting presence of a
more catalytically competent active-site. In N-SPD variant, slight decrease in K, value, which is
representative of increase in substrate affinity, suggests greater substrate accessibility that might
be due to absence of the surrounding PDZ domains. However, N-SPD showed 3.5 folds less K,
than wild type, this highlights the importance of PDZ in initial substrate binding and mediating

conformational changes around the active-site that positively influences the rate of catalysis.

3.1.2. Role of different domain coordination, critical residues involved and interdomain

dynamics in regulating substrate specificity and activity
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I. Protease activity as a function of temperature

Literature suggests heat activation of HtrA2 is associated with considerable plasticity at the
PDZ-protease interface, which is similar to substrate binding (11). Thus, quantitative analysis of
activity of HtrA2 and its variants was performed as a function of temperature to understand how
change in activity correlates with conformational changes and dynamic behaviour of HtrA2.
Initial velocities were calculated for HtrA2, HtrA2(F16D) and N-SPD domain using FITC f-
casein as substrate in the temperature range of 37-65 °C. For HtrA2, initial velocity increased
linearly up to 55 °C. Activity of HtrA2 was approximately 5-fold higher at 55 °C than that at 30
°C. Monomeric mutant HtrA2(F16D) and trimeric N-SPD show maximum activity at 50 °C. In
both these proteins, increase in activity was observed although the change is not significant (~
1.7and ~1.2 fold higher than that at 37 °C. This decrease in protease activity for N-SPD and
might be due to loss of PDZ-protease movement. HtrA2(F16D), which is a monomer with intact
PDZ, no significant change in enzyme activity, was observed as a function of temperature

hinting the role of intermolecular PDZ-protease crosstalk in HtrA2 activation.

ii. Secondary and tertiary structural properties of HtrA2 variants

Far UV CD studies were performed to understand the effect of deletions and mutations on HtrA2
secondary structure and stability. All proteins except N-SPD and N-SPD(F16D) showed decrease
in a helical character, which might be due to PDZ deletion.

Fluorescence emission studies were performed for all the tryptophan mutants (Y296W and
N48W) of HtrA2 to characterize the tertiary structural changes at the PDZ-protease interface,
and near the active-site region. The two monomeric variants HtrA2(F16D,Y295W), SPD-

PDZ(Y295W) and packing mutant M190R(Y295W) showed red-shifted emission maxima (by
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2nm) compared to trimeric HtrA2(Y295W) demonstrating that PDZ of the same molecule might

not be completely collapsing on the SPD domain as suggested by the model (3).

iii. Fluorescence quenching studies

Steady state acrylamide quenching studies were performed with tryptophan mutants (Y296W
and N48W) to understand the conformational dynamics at the PDZ-protease interface, and the
region surrounding the active-site. Stern Volmer quenching constant (Ksy) values were
calculated for these tryptophan mutants in the temperature range of 30 °C to 60 °C. For
HtrA2(Y295W) and HtrA2(M190R,Y295W), increase in Ksy values were observed with
temperature till 60°C. This increase in Ksy values suggest that PDZ might be moving away from
serine protease domain, making the protease more accessible to the substrate thus increasing the
protease activity.

Ksy values for HtrA2(N48W) decreased gradually with temperature while for monomeric
HtrA2(F16D) and N-SPD(F16D) as well as trimeric N-SPD, it remained unchanged. In both
trimeric and monomeric N-SPD, similar observation emphasizes the importance of
intermolecular PDZ-protease interactions in HtrA2 activation. All these observations point
toward requirement of trimeric architecture of the protease for structural plasticity as well as

accentuate the role of intermolecular PDZ-protease interaction in regulating HtrA2 activity.

vi. Intramolecular and intermolecular FRET studies
Forster rresonance energy transfer experiments (FRET) were done using IAEDANS
(fluorescent molecule) as acceptor and tryptophan (296W) as donor to validate our hypothesis

that intramolecular PDZ-protease collapse is not significant in HtrA2. IAEDANS is an
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organic fluorophore where its absorption spectrum overlaps well with the emission spectrum
of tryptophan making it useful as an acceptor in FRET experiments. Structure guided mutation,
F208C was done in the serine protease domain on HtrA2(Y295W) template. These FRET pairs
were chosen such that they face each other and reside near the PDZ-protease linker region.
Energy transfer in HtrA2(F208C,Y295W) is more than HtrA2(F16D,F208C,Y295W) and
HtrA2(M190R,F208C,Y295W). This suggests that distance between F208C and Y295W is less
in HtrA2 compared to HtrA2(F16D) and HtrA2(M190R) thus supporting our hypothesis. With
increase in temperature distances ‘R’ between the acceptor and donor for HtrA2(F208C,Y295W)
and M190R(Y295W) increased, suggesting PDZ might be moving away from serine protease
domain.

Based on all these observations we propose a comprehensive working model of HtrA2
activation. In full length trimeric HtrA2, initial substrate binding or increase in temperature leads
to movement of PDZ from other sub unit move towards SPD of adjacent molecule. This
intermolecular movement along with simultaneous N-terminal rearrangement leads to subtle

reorganization of the loops to form an active protease.

3.2. To understand the interaction of proapoptotic serine protease HtrA2 with

antiapoptotic binding partner cum substrate—Pea 15

Peal5 is a 15 kDa ubiquitously expressed cytosolic protein with an N-terminal death effector
domain (DED) and a C-terminal tail having irregular structure (12). Peal5 by virtue of its DED
binds to other DED-containing proteins such as FADD and FLICE, and inhibits Fas/TNFR1-
induced apoptosis (8). Stress induced activated HtrA2 interacts with the cytosolic Peal5 and

promotes its degradation which leads to triggering of apoptosis (8). Therefore, characterizing this
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HtrA2-Peal5 interaction will provide better understanding of HtrA2 proapoptotic property and

also its complex mechanism of action.

I. HtrA2 protease domain preferably interacts with o -5 and -6 helices of Peal5
To determine the minimal binding region of HtrA2-Peal5 interaction, pull down studies were
performed with MBP fused recombinant Peal5 as bait and HtrA2 inactive (S173A) variants as
prey. HtrA2 variants used for these studies were HtrA2 full length, N-SPD (PDZ deleted
variant) and PDZ domain (protease domain deleted variant). From these pull down experiments
we analyzed that serine protease domain of HtrA2 interacted with Peal5. Further to define the
region responsible for the interaction of Peal5 with HtrA2, different deletion constructs of
Peal5 were used for pull down studies. From these data, we determined that HtrA2 protease
domain preferably interacts with a-5 and -6 helices of Peal5 DED domain. Interestingly DED,
which has the tendency to interact with several proteins showed very weak interactions with
HtrA2, highlighting the importance of C-terminal region in addition to DED for binding. Taking
clues from our pull down experiments and Cluspro docking results, we further carried out series
of mutations on a-5 and -6 helices of DED and C- terminal region of Peal5. We identified that

E68, R71, R83 residues are important in mediating interaction with HtrA2.

ii. Cleavage of Peal5 is independent of HtrA2 PDZ domain

Protease activity of HtrA2 and its variant N-SPD was studied to understand the role of different
domains in regulating HtrA2 activity and specificity using Peal5 as a substrate. It was observed
that N-SPD cleaved peal5 more competently than full length HtA2. These results suggest that

lower protease activity for HtrA2 wild-type might be due to inhibitory effect of PDZ domain on
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its protease activity, probably through restriction of substrate accessibility to the active-site.
Protease assays were also performed with the deletion constructs of Peal5 and, we observed
that HtrA2 and N-SPD cleaved all deletion constructs except Aa(5,6). These protease assay
results very well corroborates with the pull down studies where Ao(5,6) did not show any
interaction with HtrA2. Further to understand the pattern of peal5 cleavage, time course
protease degradation was performed. It was observed that Peal5 which is of ~ 17 kDa is
proteolytically degraded into two 8.5 kDa fragments. One of these 8.5 kDa is subsequently

degraded to 6.5 kDa and other in to shorter peptides, which were not detected on tristricine gel.

iii. Mapping HtrA2 cleavage sites on Peal5

The peal5 fragments (8.5 and 6.5 kDa) generated by HtrA2 proteolysis were subjected to N-
terminal sequencing by Edman degradation. Two preferred cleavage sites were identified in a-5
and -6 helices of DED domain respectively. The preferred scissile peptide bonds are between

163-E64 of -5 helix and VV79-D80 of -6 helix.

vi. HtrA2 has broad specificity toward residues neighboring the peptide cleavage site

The literature regarding the HtrA2 substrate specificity is limited to only two published reports,
one by combinatorial peptide library (11) and other proteome analysis (13) however, both the
results do not match each other in full. To determine whether the specificity of the HtrA2
corresponds with the reported literature, we generated several mutants of P2, P1, P1’ and P2’
cleavage site residues. Our results based on the N-terminal sequencing and mutational analysis
of cleavage site residues showed HtrA2 displays relatively broad specificity towards the P1 site.

Although both the reports suggests HtrA2 has preference towards aliphatic residues in P1
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position, our studies indicated that polar (D) and aromatic (F) are also equally preferred at P1.
In contrast to the previous reports for selectivity for A and S at P1°, our results from N-terminal
sequencing demonstrate striking preference for E and D at the P1’. Literature suggests P2
prefers basic (R) and aliphatic (L) residues while P2’ position displays preference for aromatic
(F) residues. In contrast, our data indicates acidic residues (D), are also preferred equally at P2
and P2’.This apparent ambiguity in cleavage site specificity between peptide and protein
substrates of HtrA2 may reflect the involvement of additional structural elements in the protein
substrates that might interact with the protease and influence its topological targeting and

enzymatic activity.

4. Concluding remarks:

Our findings highlight importance of N-terminal region, oligomerization and intricate
intermolecular PDZ-protease interaction in proper formation, enzyme-substrate complex
stabilization, and hence HtrA2 functions. These observations redefine the existing activation

model and provide new insights into HtrA2 structure, function and dynamics.

In this study we also provided the first comprehensive binding and specificity studies on
HtrA2-Peal5 interaction. Our in vitro pull down and in silico docking studies showed that Peal5
interacts with serine protease domain of HtrA2 and NOT the conventional PDZ domain. Protease
activity studies delineated allosteric activation of HtrA2 might be required by adaptor proteins in

the cell to relieve the inhibitory effect of PDZ domain.
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Programmed cell death or apoptosis plays a critical role in the development and homeostasis of
normal tissues (14). It contributes in selective clearance of unwanted or infected cells to maintain
the healthy balance between cell survival and cell death (15-21). Alteration of this process may
lead to the deadly disease conditions such as cancer and neurodegenerative disorder (16, 22-27).
During apoptosis, activation of specific proteases results in breakdown of cellular machinery,
which finally culminates into characteristic morphological and biochemical changes, and hence
death (28, 29). For many years, it was believed that caspases were the key effectors responsible
for the proteolytic cascade in apoptosis (30). However, accumulating evidences indicate that cell
death can occur in a programmed manner independent of caspase activation (31). Recently,
HtrAs (high temperature requirement protease A), have drawn attention as key players in
initiation and execution of the apoptotic cascade. HtrA family proteins are serine proteases (S1,
chymotrypsin family) that are conserved from prokaryotes to humans (32, 33). They are
described as potential modulators of programmed cell death and chemotherapy-induced
cytotoxicity (34, 35). To date, four human HtrA homologs (HtrAl-HtrA4) have been identified
of which, HtrA2/Omi has proapoptotic activity, while very little information is available on other
human HtrAs (32, 36-40).

This thesis focuses on HtrA2, a mitochondrial proapoptotic serine protease with multitasking
ability. It is involved in several critical biological functions such as protein quality control,
unfolded protein response (UPR), cell growth, apoptosis, arthritis, cancer and neurodegenerative
disorders (41-44). 1t was first identified as an inhibitor of apoptosis (IAP) binding protein due to
its IAP recognizing reaper-like motif (AVPS) (3, 4). HtrA2 is expressed as a 49 kDa pro-enzyme
that is predominantly localized to the intermembrane space (IMS) of mitochondria (3). Upon

maturation, the N-terminal 133 residues get cleaved and the mature protein resides in
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mitochondria. During apoptotic stimulation, is the mature 36 kDa mature protease is released
from mitochondria into the cytosol (3-6). HtrA2 plays an important role in intrinsic apoptotic
pathway by binding and cleaving IAP proteins thus relieving their inhibition on caspases (3).
Moreover, HtrA2, via its serine protease activity, induces caspase independent pathway by
regulating the antiapoptotic proteins such as FLIP, Ped/Peal5 and Hax1 (7-9). Additionally,
based on the chaperoning ability of its bacterial counterpart DegP, and a few evidences from the
literature, it has been reported that HtrA2 might also play a protective role in the mitochondria
under normal conditions (5, 45, 46). Therefore, regulating HtrA2 activity might give rise to
therapeutic possibilities in various diseases it is associated with (35). In order to modulate HtrA2
functions with desired characteristics, its structural dynamics, mechanism of activation, and
mode of substrate recognition needs to be elucidated.

Crystallographic data of mature unbound from of HtrA2 provided only the broad overview of
its structural organization (10). The three dimensional structure reveals that HtrA2 has a trimeric
pyramidal architecture with the short N-terminal region forming the top and PDZ domains at the
base of the pyramid respectively. The core serine protease domains (SPD) are surrounded by C-
terminal PDZ domains, which restrict entry of the substrates to the active-site thus leading to a
low basal activity. PDZ is attached covalently to the SPD through a flexible interface linker
sequence, and it is believed that the PDZ-protease dynamics and their relative orientation
modulate HtrA2 activity and hence functions. These observations led to development of an
activation model, which highlights the role of PDZ in substrate binding and subsequent protease
activation. The model states that upon substrate binding, the PDZ that otherwise falls on the
protease domain opens up allowing the substrate to enter the binding pocket. Although the model

provides a basic understanding of HtrA2 activation, it could not define the role of N-terminal
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region, trimerisation and PDZ-protease cross-talk which is a prerequisite for delineating its role
in various biological pathways and diseases. Although PDZ acts as a regulatory domain in all the
HtrA family proteins, uniqueness of HtrA2 is manifested by its ability to the IAPs, through its N-
terminus and subsequently cleaves them. This phenomenon emphasizes multiple modes of HtrA2
activation and regulation, the precise mechanism for which remains to be elucidated. Therefore,
to understand the mode of HtrA2 activation, substrate recognition and cleavage, intricate
dissection of its structure with functional correlation is required. Hence, we delineated the role of
different domains, their combinations, oligomerization, and critical residues in modulating
HtrA2 specificity and functions. Furthermore, to understand its proapoptotic property and its
complex mechanism of action, we performed a comprehensive binding analysis with Peal5.

Our studies highlight the importance of N-terminal region, oligomerization and intricate
intermolecular PDZ-protease interaction in proper formation and hence HtrA2 functions. It
establishes the role of PDZ domain in not only interface dynamics and initial substrate binding
but also in intermolecular contacts in the trimeric protease architecture leading to efficient
substrate catalysis. Our interaction studies with Peal5 provide first mechanistic insight into the
substrate recognition and specificity of HtrA2. Binding studies with Peal5 define a bipartite
mode of interaction between HtrA2 and Peal5. Enzymology studies with Peal5 suggest
allosteric activation of HtrA2 might be required by adaptor proteins in the cell to relieve the
inhibitory effect of PDZ domain. Substrate specificity studies reveal that HtrA2 has broad
substrate specificity toward the residues near the cleavage site. These observations redefine the

existing activation model and provide new insights into HtrA2 structure, function, and dynamics.
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2.1 Apoptosis

Apoptosis is a Greek term meaning ‘dropping of’, and refers to the falling of leaves from trees in
autumn (14). It is an evolutionary conserved, tightly regulated process of cell death (47). It is a
fundamental biological process that occurs normally during development and aging (15-21). Itis
essential for cellular homeostasis i.e. to maintain a delicate balance between cell proliferation
and cell death (15-21). Insufficient apoptosis leads to accumulation of unwanted or damaged
cells, which may ultimately result in malignancy (16, 22-27). In contrast, excessive apoptosis has
been associated with autoimmune disease, atherosclerosis and neurodegenerative disorders (11-
16). Apoptosis is just one form of cell death, cells may be eliminated by a number of alternative
mechanisms such as necrosis or ‘nonspecific’ form of cell death, which occurs in response to
inflammation, ischemic or toxic injury (48). In contrast, apoptosis is an active, highly selective,
metabolic, genetically encoded and evolutionarily selected death pathway. Furthermore,
apoptotic cell death is the consequence of a series of precisely regulated events that include
shrinkage of cell, DNA fragmentation, blebbing of the plasma membrane, condensation of
chromatin and appearance of intracellular inclusions or ‘apoptotic bodies’ (28, 29). The basic
differences between these two cell death processes emphasize the reason why apoptosis
represents the most desirable target mechanism for the induction of cell death in tumor cells
without damage to normal cells (49).

There has been tremendous progress in identifying the key components of apoptotic
signaling cascade. Caspases regulates the apoptotic machinery, although several other less
prominent players are also involved such as cathepsins granzymes, calpains and HtrAs (31).
Classical apoptotic pathway include two major pathways, extrinsic and intrinsic cell death path

way.
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2.1.1 Extrinsic cell death pathway

The extrinsic or death receptor pathway initiates apoptosis when death ligands bind to the death
receptors (50, 51). These death receptors are members of the tumor necrosis factor (TNF)
receptor gene super family. Members of the TNF receptor family share similar cyteine-rich
extracellular domains for recognition of their specific ligands (Figure 2.1). They also comprise
an cytoplasmic domain of about 80 amino acids known as ‘death domain’ (52, 53). This death
domain plays a critical role in transmitting the death signal from the cell surface to the
intracellular signaling pathways through homotypic protein-protein interactions. To date, the
best-characterized ligands and corresponding death receptors include FasL/FasR (CD95L/
CD95R), TNF-o/TNFR1, TNF-related apoptosis-inducing ligand-receptor 1 (TRAIL-L1/TRAIL-
R1) Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5 (54). The sequences of events that define the
extrinsic signaling cascade of apoptosis are best characterized with the FasL/FasR and TNF-
a/TNFR1 models. Binding of cognate ligands to these monomeric death receptors result in
receptor trimerization. The trimeric death receptors then interact with the cytosolic adapter
proteins such as TNF receptor-associated death domain (TRADD) and Fas-associated death
domain (FADD) through homotypic interactions by their respective death domain (DD) (55).
This interaction recruits upstream procaspase-8 to these preassembled adaptor molecules to form
a death-inducing signaling complex (DISC) (56-58). Oligomerization of caspase-8 upon DISC
formation drives its auto-catalytic activation through self-cleavage (59). Thus, activated caspase-
8 induces apoptosis by activating other downstream or executioner caspases such as caspase-3

and -7.
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Figure 2.1 Apoptotic pathways. A) The extrinsic apoptotic pathway is initiated by the ligation of
death receptors with their cognate ligands, leading to the recruitment of adaptor molecules such
as FAS-associated death domain protein (FADD) and then caspase 8. This results in the
dimerization and activation of caspase 8, which can then directly cleave and activate caspase 3
and caspase 7, leading to apoptosis. B) Intrinsic apoptotic stimuli, such as DNA damage,
activate B cell lymphoma 2 (BCL-2) homology 3 (BH3)-only proteins leading to BCL-2-
associated X protein (BAX) and BCL-2 antagonist or killer (BAK) activation and mitochondrial
outer membrane permeabilization (MOMP). Anti-apoptotic BCL-2 proteins prevent MOMP by
binding BH3-only proteins and activated BAX or BAK. Following MOMP, release of various
proteins from the mitochondrial intermembrane space (IMS) promotes caspase activation and
apoptosis. Cytochrome c binds apoptotic protease-activating factor 1 (APAF1), inducing its
oligomerization and thereby forming a structure termed the apoptosome that recruits and
activates an initiator caspase, caspase 9. Caspase 9 cleaves and activates executioner caspases,
caspase 3 and caspase 7, leading to apoptosis. Mitochondrial release of second mitochondria-
derived activator of caspase Smac/Diablo and HtrA2 neutralizes the caspase inhibitory function
of X-linked inhibitor of apoptosis protein (XIAP). C) Crosstalk between the extrinsic and
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intrinsic pathways occurs through caspase 8 cleavage and activation of the BH3-interacting
domain death agonist (BID), the product of which (truncated BID; tBID) interacts with BAX and
BAX and induces MOMP.

2.1.2 The intrinsic cell death pathway

In the intrinsic or mitochondrial pathway of apoptosis, caspase activation is closely linked to
permeabilization of the outer mitochondrial membrane by numerous stress inducing stimuli and
proapoptotic signal-transducing molecules (BCL family proteins). Stimuli for intrinsic pathway
include calcium overload, endoplasmic reticulum stress, DNA damage, altered redox potential,
growth factor deprivation, oncoproteins, viral virulence factors and chemotherapeutic agents (50,
60). BCL-2 proteins, which regulate mitochondrial membrane potential (MOMP) are categorized
under three sub-groups: anti-apoptotic (BCL-2, BCL-W, BCL-xL, a-1 and MCL-1), proapoptotic
effectors (BAX, BAK, and BOX) and proapoptotic BH3 only proteins (BID, BIM, BAD, etc.).
Oligomerization of BAX-BAK complex at the outer membrane of the mitochondria results into
membrane permeabilization, thereby resulting in efflux of cytochrome-c and other anti-apoptotic
proteins such as HtrA2 and Smac/Diablo into the cytosol (Figure 2.1). In the presence of
ATP/dATP, cytochrome c binds apoptotic protease-activating factor 1 (APAF1) monomer,
leading to formation of heptameric wheel-like structure called the apoptosome (61, 62). This
protein complex, apoptosome later recruits and activates initiator procaspase-9. Other
mitochondrial proteins Smac/Diablo and HtrA2 present in the cytosol cleave ‘Inhibitor of
Apoptosis Proteins’ (IAPs) and relieve their inhibition on caspase -9. Consecutively, active
caspase-9 in turn activates other executioner caspases, caspase-3, -6 and -7. These caspases
cleave key substrates in the cell to produce many of the cellular and biochemical events of

apoptosis.
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Both the intrinsic and extrinsic pathways interconnect with the proapoptotic protein Bid, a
member of the BH3 family of proteins (63, 64). Bid is processed into tBid by caspase-8 of the
extrinsic pathway. Truncated, tBid translocates to the mitochondria where it interact with BAX
and BAK, thereby promotes the release of cytochrome c from the mitochondria (65).

Tremendous progress in apoptotic research in the past decade has identified caspases to be the
key players responsible for the proteolytic cascades in apoptosis. However, accumulating
evidences suggest that cell death can occur in a programmed fashion in absence of caspase
activation. For example, other proteases, such as cathepsins, Granzymes and HtrAs (high
temperature requirement protease A), are also involved in the initiation and execution of the
apoptosis. These proteases are capable of triggering mitochondrial dysfunction with subsequent

caspase activation and cellular demise.

2.2 Human HtrA proteases

HtrA (high-temperature requirement protease A), belongs to the family of S1B class of serine
proteases identified in E. coli as a heat shock-induced envelope-associated serine protease (1, 32,
33). It generally acts as a molecular chaperone at low temperatures and exhibits its proteolytic
activity with increase in temperature (66). In humans, HtrAs are involved in numerous cellular
processes, ranging from maintenance of mitochondrial homeostasis to cell death in response to
stress-inducing agents (43). Interestingly, despite diversity in functions and low sequence
identity, HtrAs share a common structural integrity that comprises a trypsin like protease domain
and one or more C-terminal Postsynaptic density protein 95-Discs large-Zona occuldens 1 (PDZ)
or protein-protein interaction domains. In recent years, human HtrAs have drawn attention as key

effectors in multiple pathways of programmed cell death and are described as potential
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modulators of chemotherapy-induced cytotoxicity (33, 36). This multifaceted ability associates
them with different pathological conditions such as cancer, neurodegenerative disorders and
arthritis including myocardial ischemia/reperfusion injury hence making them therapeutically
important (34, 35, 43).

Based on their domain architecture that comprise an N—terminal signal peptide (SP), an
insulin growth factor binding domain (IGFBP) and a kazal-type S protease inhibitor domain
(KI), a serine protease domain and PDZ domain, four human HtrAs have been identified (Figure
2.2). These are HtrAl (L56, PRSS11), HtrA2 (Omi), HtrA3 (PRSP) and HtrA4 (32, 36-40).
Among the HtrA homologs, HtrAl and HtrA2 are well characterized, while very little
information on HtrA3 and HtrA4 are currently available. Interestingly, of the four human HtrAs,
HtrA2 has evolved into a mitochondrial proapoptotic molecule with ability to induce apoptosis

via multiple pathways.
SS TM IGFBP KI  Protease PDZ1  PDZ2

EcoliDegp C—— H H

Ecoli Degs C—— M

a2 CO——— F

s Co——o{ -

Figure 2.2 Schematic representation of domain organization of HtrA family of proteases. The
protease domain is in grey rectangles, PDZ1 and PDZ2 domains in blue rectangles, SS (signal
sequence) in green rectangles, TM (transmembrane domain) in purple triangle, IGFBP (Insulin-
like growth factor binding) in orange triangles, and Kl (Kazal protease inhibitor domain) in pink
oval. Here, E. coli represents Escherichia coli and HtrA represents high temperature
requirement protease A
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2.2.1 HtrA2

HtrA2 was originally isolated as an interactor of Mxi2, the alternatively spliced form of the p38
stress activated kinase. HtrA2 is ubiquitously expressed in all tissues, while the alternatively
spliced form, lacking exons 3 and 7, is expressed only in the kidneys, thyroid, and colon (67). It
is predominantly localized in the mitochondria where transmembrane region of HtrA2 is
anchored in the inner mitochondrial membrane while the protease and PDZ domains are exposed
into the mitochondrial intermembrane space (IMS). The full length protein is expressed as a 49
kDa pro-enzyme where the first 133 amino acids from the N-terminus get cleaved upon
maturation (3). During triggering of apoptotic the mature form (36 kDa) is released from the IMS
into the cytosol (3-6, 68). This cleavage exposes an internal tetrapeptide motif (AVPS) that binds
to 1APs and relieve their inhibition on caspases (2). Mature HtrA2 is composed of a short N-

terminal region and well-defined serine protease and PDZ domains (3, 4).

2.2.1.1 Structural assembly

Crystallographic structure of substrate-unbound form of mature HtrA2 (134-458) was solved at
2.1A, which provides a broad overview of its structural organization (10). It has trimeric
pyramidal architecture with short N-terminal on the top and PDZ domain residing at base.
Mature HtrA2 with 7 a-helices and 19 B-sheets forms well defined protease and PDZ domains.
Trimerisation is mediated by extensive intermolecular hydrophobic and van der Waals
interactions mainly involving three aromatic residues (Y14, F16 and F123). The core serine
protease is gated by C-terminal PDZ domains. This, along with its trimeric structural
arrangement, restricts HtrA2’s accessibility to substrate molecules, thus leading to its low basal

activity. The protease domain adopts chymotrypsin fold, comprising of two six-stranded f-
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barrels. The active-site pocket consisting of the amino acid triad H65-D95-S173 is located at the
interface of the two perpendicularly arranged B-barrels, buried 25A above the base of the
pyramid. Moreover, the active-site is surrounded by several regulatory loops that are named
according to the chymotrypsin nomenclature, LA (residues, 37-41), L1 (residues, 169-173), L2
(residues, 190-196), L3 (residues, 142-162), and LD (residues, 126-140). PDZ is attached

covalently to SPD through a flexible linker sequence which regulates HtrA2 activity though

subtle conformational changes.
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Figure 2.3 Crystal structure of HtrA2. A) Schematic representation of HtrA2 trimer (PDB entry
1LCY). Each monomeric subunit is represented in blue, orange and pink. B) Surface
representation of the HtrA2 structure. C) side view of trimeric HtrA2. Trimerization is mediated
exclusively by the serine protease domain. The N-terminal 1AP-binding tetrapeptide motif is
located at the top of the pyramid, and the PDZ domain is at the base. D) Cartoon representation
of HtrA2 monomer. Serine protease and PDZ domains are colored in pink and green
respectively. The position of catalytic triad residues: H65 (blue), D95 (yellow) and S173 (red)
are shown as spheres. The position of canonical peptide binding groove ‘YIGV' is represented in
orange. The figures are generated using PyMOL (DeLano Scientific, USA).

PDZ domains are well characterized protein-protein interaction domains known to recognize
specific hydrophobic residues in the C-termini of binding partners (69, 70). These domains are of
80-100 amino-acid residues, present in many metazoan genomes. HtrA2 PDZ domains comprise
five B-strands and two a-helices, similar to the other canonical PDZ domains. Typical PDZ
domains have a canonical binding site comprising highly conserved ‘G-®-G-® motif’, where ®
denotes hydrophobic residues (70). The first G residue is highly variable among PDZ domains,
while the second and fourth residues are hydrophobic (V, I, L, or F). This recognition sequence
is substituted by ‘YIGV’ in HtrA2, which is highly buried in the intimate interface between the
PDZ and the protease domains. The PDZ domain packs against the protease domain through van
der Waals contacts. On one end of the interface hydrophobic residues on B14 and helix a5
(M365, L367, 1373 and L377) of the PDZ domain interact with the hydrophobic residues on 11
and f12 (M323, V325, 1329 and F331) of the protease domain (10). Moreover, this peptide
binding groove is also loosely occupied by two hydrophobic residues, P225 and V226 that are
located between B5 and 6 strands of the protease domain. These rearrangements strongly
suggest that the peptide binding groove is unavailable for interaction with other proteins in this

‘closed' conformation.
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2.2.1.2 Activation mechanism

From the structural insights, Li and co-workers proposed a working model for HtrA2 activation
(10), where the relative intra-molecular PDZ-protease movement was considered the primary
regulatory factor. According to this model, in the basal state, the PDZ domains keep the protease
activity of HtrA2 in check. Substrate or ligand binding at ‘YIGV’ groove induces a large
conformational change at the PDZ-protease interface which removes the inhibitory effect of PDZ
from the . This structural rearrangement leads to significant increase in activity thus emphasizing
intra-molecular PDZ-protease crosstalk to be pivotal in HtrA2 activation. Since the YIGV
groove is deeply embedded within the hydrophobic core where the residues are intertwined with
each other through several intra-molecular interactions, accessibility of ligands to this site seems
to be limited. Recently our group characterized allosteric activation of HtrA2, where the signal is
relayed via a distal non-canonical substrate binding site with subsequent opening up of the YIGV
(71). The allosteric switch propagated by PDZ domain might lead to a disorder-to-order
transition of important regulatory loops (L1, L2, L3, and LD) in protease domain. This intrinsic
allosteric regulation mechanism is initiated by sensor loop L3 and subsequently a cascade of
conformational changes occurs along L3—LD—L1/L2, enabling the remodeling and activation
of the proteolytic site (Figure 2.4). This general mechanism of allosteric regulation is conserved

in other bacterial homologs (13, 72). However, the activation signal detected by sensor loop L3

is different.
Binding to target
protein
—_— o
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Figure 2.4. Proposed working model for HtrA2 activation. In the basal state, the PDZ domains
keep the protease activity of HtrA2 in check. Upon binding to the target proteins, the PDZ
domains moves away from the protease to make the catalytic serine accessible to the substrate

In addition to the PDZ-domain-mediated activation, protease activity of HtrA2 is also modulated
by binding to IAPs, through its N-terminus (73). It was observed that HtrA2 incubated with
XIAP showed increase proteolytic activity toward its substrates, H2-Opt peptide (synthetic
substrate of HtrA2) and B-casein (generic substrate for all proteases) (73). This phenomenon
emphasizes involvement of multiple modes of HtrA2 activation and regulation, involving PDZ

as well as other regions of the protein

2.2.1.3 Catalytic mechanism

Active-site cleft of HtrA2 comprise a conserved catalytic triad with S173, D95 and H65. It
shares a common catalytic mechanism with other endogenous serine proteases. The general
catalytic mechanism of serine proteases is based on the chymotrypsin model (74). The
mechanism for hydrolysis of the peptide bond is an addition-elimination reaction involving two
tetrahedral intermediates. During the first step of the peptide bond hydrolysis, side chain of the
substrate at the residue N-terminal to the scissile bond, binds to the specificity pocket. This is
followed by a nucleophilic attack by S173, which is facilitated by H65. An acyl-enzyme
intermediate is formed by the covalent bond between the C-atom of substrate and hydroxyl group
of the S173. The intermediate with the carbonyl atom in a tetrahedral state is stabilized by the

‘oxyanion hole,” where G171 and S173 donate backbone hydrogens for hydrogen bonding to the
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negatively charged oxygen of the substrate. Further, a proton is transferred from H65 to the
amide of peptide to release the C-terminal of the substrate. In the final step, the acyl-intermediate
is deacylated by forming a tetrahedral intermediate state with water. This step is followed by a
nucleophilic attack by the hydroxyl group of a water molecule that is hydrogen bonded to H65.

This releases the carboxylic acid product from enzyme restoring the protease in its initial state.

2.2.1.4 Functions

The primary function of HtrA2 is the maintenance of mitochondrial homeostasis. Under normal
physiological conditions, it acts as a quality control factor and promotes cell survival. In
response to apoptotic stimuli such as cellular stresses, UV exposure, oxidative stress, and death
receptor activation, it transforms from being protective to a proapoptotic. The following section
highlights both these signaling mechanisms in detail.

i) Apoptosis

Although caspases are recognized as the main players in the initiation and execution of
apoptosis, several reports have substantiated the role of HtrA2 in the apoptotic cascade.
Apoptotic insults trigger the translocation of mature HtrA2 into the cytosol, where it contributes
to apoptosis through both caspase-dependent and independent pathways (Figure 2.5).

a) Caspase-dependent mechanism

Proteolytic maturation of HtrA2 exposes the internal tetrapeptide motif (AVPS), which mediates
interaction with the 1APs (6). These IAPs such as XIAP (X-linked inhibitor of apoptosis
protein), CcIAP1 (cellular inhibitor of apoptosis protein-1), clAP2, Apollon/BRUCE are
endogenous inhibitors of caspase-3, -7 and -9 (Table 2.1). Upon apoptotic stimulation, mature

HtrA2 is released into the cytosol, where it interacts with IAPs and relieves caspase inhibition
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thus promoting apoptotic signaling cascade and hence cell death. The homotrimeric HtrA2 may
also interact via its PDZ domain with a trimeric assembly of TNFR1 or Fas (10, 65). The Fas
ligand-induced trimerization activates the ‘death domain’ present in the cytoplasmic region of

each Fas monomer thereby initiating caspase-8-dependent apoptotic pathways.

Extrinsic pathway ® Fas BAX/BAK
»®n — Mitochondria
Death receptor /
— | \
FADD

DIsC

Apoptotic
} stimuli
Caspase 8

mitochondria

¢
Cytochrome ¢
— Nucleus
Apoptosome
i \/ Caspase 9 /

Intrinsic pathway

Caspase 3
.—.\

Figure 2.5. HtrA2 mediated apoptotic pathway. A) Upon apoptotic stimuli, mature HtrA2 is
released from the mitochondrial intermembrane space into the cytosol. HtrA2 interacts with
anti-apoptotic protein, XIAP thus relieving its inhibitory action on caspases, thereby facilitating
caspase-dependent apoptosis. Homotrimeric HtrA2 via its PDZ domain interacts with a trimeric
assembly of Fas, thus initiating death-receptor pathway of apoptosis. HtrA2 through its serine
protease activity also induces caspase-independent cell death by binding and cleaving anti-
apoptotic proteins FLIP, PEA15 and HAX1. Grim 19 modulates HtrA2 protease activity. B)
HtrA2 promotes apoptosis by proteolytic activation of proapoptotic p73 and WT1 ( Wilms tumor
suppresorl) proteins. The proteolytically degraded p73 and WT1 result in elevated expression of
BAX, c-myc and JunB. HtrA2 regulates the translocation of BAX into mitochondria by cleaving
Bmf
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b) Caspase-independent mechanism

HtrA2 contributes to apoptosis through additional mechanisms that are independent of caspase
activation (4). This mechanism is independent of its AVPS motif, and instead relies primarily on
its protease activity (75, 76). It was observed that, HtrA2 over-expression-induced cell death was
neither inhibited by the synthetic caspase inhibitors (zVAD-fmk or Boc-D-fmk) nor
accompanied by detectable caspase activity. HtrA2 promotes cell death specifically by binding to
and cleavage of the death effector domains (DED) of FLIP (7) and anti-apoptotic Ped/Pea-15 (8).
It was speculated that HtrA2 may interact with the death receptors (Fas and TNFR) or other
components of the death-inducing signaling complex (DISC) to activate a caspase-9-independent
apoptotic pathway (65). This hypothesis was supported by an increased FasL expression after
myocardial ischemia/reperfusion (65). HtrA2 can induce apoptosis without being released from
mitochondria by cleaving mitochondrial antiapoptotic HS1-associated protein X-1 (Hax-1) (9).
Hax-1 is believed to participate in regulation of mitochondrial membrane potential. Proteolytic
degradation of HAX-1 by HtrA2 might be an early event and defines a new proapoptotic
pathway initiated in the mitochondria. Furthermore, caspase-independent proapoptotic property
is manifested by its ability to cleave important cytoskeletal proteins such as actin, a-, B-tubulin,
and vimentin (13). Apart from cleaving several antiapoptotic proteins, HtrA2 promotes apoptosis
by proteolytic activation of proapoptotic p73, a member of the p53 family, which functions as a
transcription factor. During apoptotic stimuli, HtrA2 is translocated to the nucleus where it
cleaves p73 (77). Proteolytically modified p73 thereby stimulates transcription of
the proapoptotic BAX gene. In addition, HtrA2 indirectly regulates the translocation of BAX

into mitochondria by cleaving Bmf, an endogenous inhibitor of BAX (65).
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Recently, it was demonstrated that the cytotoxic drugs such as etoposide or staurosporine
induced HtrA2 to cleave Wilms tumor suppressor protein (WT1), a transcriptional regulator of
genes controlling apoptosis, cell growth and differentiation (78). The proteolytically degraded
WT1 resulted in elevated expression of c-myc and JunB and subsequent apoptosis of human
osteosarcoma cells treated with staurosporine. There is also evidence that HtrA2 is involved in
p53-dependent apoptosis. Jin et al. showed that HtrA2 gene expression is regulated by p53
protein (79). Human thymocytes and HelLa cells treated with etoposide, an agent that triggers
p53-dependent apoptosis showed increased gene expression of HtrA2. Under these conditions
HtrA2 degraded IAPs and thus potentiated apoptosis.

if) Other functions

Under normal physiological conditions, HtrA2 acts as a quality control factor facilitating cell
survival rather than cell death. Alteration in the HtrA2 proteolytic activity leads to the
accumulation of unfolded proteins in mitochondria, dysfunction of the mitochondrial respiration,
generation of reactive oxygen species and also loss of mitochondrial competence (5, 45, 46). The
mnd2 (motor neuron degeneration 2) mice carrying missense mutation S276C, as well as the
knockout mice carrying a homologous deletion of the HtrA2 gene results in the loss of the HtrA2
proteolytic activity. Both these strains exhibit phenotypes of neurodegenerative disorder with
features typical for the Parkinsonian syndrome (45, 80). Moreover, phophorylation of HtrA2 by
serine/threonine kinase PINK1 amplifies its protease activity in mitochondria, thereby
contributing to an increased protection in mitochondria under stress conditions (81). In
agreement with these findings, decreased HtrA2 phophorylation was observed in brains of
Parkinson’s disease patients, carrying mutations in the PINK1 kinase. Moreover, two different

point mutations in HtrA2, G399S (82) and A141S (83) were identified in a group of German
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Parkinson’s disease patients. These mutations demonstrated reduced proteolytic activity of
HtrA2 in vitro. Overall, these findings suggest that mutations abolishing HtrA2 protease activity
may cause increased susceptibility to mitochondrial stress and neuronal death, thereby increasing
the risk of developing Parkinsonian disease.

HtrA2 has a protective role against the development of Alzheimer’s disease (AD), which is
characterized by the presence of aggregates of the amyloid B, a major element of neurotoxic
deposits in brains of AD patients. HtrA2 chaperoning function prevents the aggregation of
amyloid B-peptides (AP40 and AB42), keeping the peptide in monomeric state (84). Furthermore,
HtrA2 is involved in processing of mitochondrial amyloid precursor protein (APP), to generate a
28-kDa APP fragment that is apparently released in to cytosol (85). Accumulation of APP
disrupts the basic functions of mitochondria and impair energy metabolism. In accordance with
APP processing activity, the generation of APP fragment was greatly reduced in brain extracts
of mnd2 mice leading to the death of the HtrA2 deficient neuronal cells.

HtrA2 is involved in maintaining the levels of Mulan (Mitochondrial ubiquitin ligase activator
of NF-kB) protein under normal conditions as well as during oxidative stress (86). Upregulation
of Mulan, in the absence of HtrA2, leads to the degradation and removal of Mfn2 (mitofusin
2) protein leading to mitochondrial dysfunction and mitophagy in muscle cells. This mechanism
of maintaining the levels of Mulan defines a new function of HtrA2 in mitochondrial
homeostasis (86). Mitochondrial proteomic analysis from HEK 293 cells identified two potential
substrates of HtrA2 that impact metabolism and ATP production (13). Two substrates are the key
proteins of Kreb’s cycle, PDHB (Pyruvate dehydrogenase E1 component beta subunit) and
IDH3A (Isocitrate dehydrogenase [NAD] subunit alpha). This implicates a new regulatory role

of mitochondrial HtrA2 in a novel mechanism relating to metabolism.
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2.2.1.5 Alterations in cancer

Microarray analysis of HtrA2 expression levels delineated that it was down-regulated in some

tumors and up-regulated in others (35). HtrA2 expression was down-regulated in ovarian cancer,

metastatic prostate cancer and adult male germ cell tumor (87, 88). Down-regulation of HtrA2

expression reduced cell death mediated by integrin a7 (ITGA7) in prostate cancer cell lines (89).

ITGAT acts as a proapoptotic factor and enhances the HtrA2 protease activity both in vitro and in

vivo. A similar inhibitory effect was exerted by the HtrA2 inactive variant. In breast cancer,

HtrA2 expression was reduced with the increasing tumor staging.

HtrA2 expression was up-regulated in lung adenocarcinoma, superficial or invasive transitional

cell carcinoma of bladder, oligodendroglioma (brain) and squamous cell carcinoma of head and

neck, B-cell acute lymphoblastic and T-cell lymphoblastic leukemia (43). HtrA2 expression was

also up-regulated in Wilm’s tumors compared to normal fetal kidney or clear cell sarcoma (90).

Collectively altered expression levels HtrA2 highlight its importance in cancer progression and,

provide a rationale for targeting this protein for cancer therapy

Endogenous substrates

Other endogenous

Protein Functions ) _
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) XIAP, clAP1, clAP2,
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Table 2.1. Functions and substrates of HtrA2
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2.3 Peal5

Ped/Peal5 (Phosphoprotein enriched in diabetes/Phosphoprotein enriched in astrocytes) is a
highly conserved ubiquitously expressed cytosolic protein (91). It was first identified as an
abundant phosphoprotein in brain astrocytes (92). Peal5 is a multifunctional protein, which
regulates cell proliferation, autophagy, glucose metabolism and apoptosis (93). It exists in vivo as
three isoforms, un-, mono and di-phosphorylated forms (91). Peal5 functions are regulated by
multiple calcium-dependent phosphorylation pathways. It has been reported that
unphosphorylated Peal5 acts as a tumor-suppressor and that phosphorylation modulates its

interaction with binding partners to promote tumor development (94).

2.3.1 Structure

Peal5 is a 130 amino-acid protein with a predicted molecular mass of 15 kDa. It has a leucine-
rich nuclear export sequence (NES), which is required for localizing in the cytoplasm (95). The
three dimensional structure of Pea-15 was determined using NMR spectroscopy (96) (Figure
2.6). Its structure consists of a canonic N-terminal death effector domain (DED), followed by 40
amino acids long irregularly structured C-terminal tail. DED is a conserved small protein
recognition domains that mediates homotypic interactions required for signal transduction in
programmed cell death (97). Peal5 DED is comprised of six amphipathic a-helices closely
packed around a central hydrophobic core. The a-helices in the DED are connected by short
loops, two of which contain B-turns (between 02—a3 and a4—a5). The a-helices are arranged in a
‘Greek key’ topology, where helices al and a2 are centrally located, a-3 and a-4 is on one side
and a5 and a6 on the other. The a5—a6 loop contains a conserved RxDLF motif (x: any amino

acid, f: any hydrophobic residue) similar to other DED-containing proteins. Peal5 C-terminal
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region has two phosphorylation sites. The first one, Serl04, located within the motif
LTRIPSAKK, which is phosphorylated by PKC (Protein kinase C) (98). The second site, Ser116,
is present in the motif DIRQPSEEEIIK, and is the target of the CaMKII (Calmodulin dependent

kinase I1) (98, 99).

A B
PKC  CamKiIl
> \3112/
N DED | G
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FADD ERK1/2 AKT

a2

Figure 2.6. Structure of Peal5. A) NMR structure of Peal5 (PDB ID 1N3K). B) Domain
organization of Peal5, showing interaction with different proteins. Blue circles are the
phosphorylation sites in Peal5 A and B

2.3.2 Functions

Peal5 functions as a tumor suppressor by regulating cellular proliferation mediated by
extracellular signal-regulated kinase (ERK) pathway (100) (Figure 2.7). The RAS-RAF-MEK-
ERK signaling cascade is a core regulatory cascade governing the fundamental cellular processes
of cell proliferation, migration and invasion. The inactive or unphosphorylated ERK1/2 is
essentially localized in the cytosol, its phosphorylation by MEKZ1 leads to its translocation into
the nucleus. Activated ERK1/2 phosphorylate cytosolic substrates and also an array of critical
targets in the nucleus to promote proliferation and differentiation. Peal5 regulates ERK

dependent transcription by preventing its translocation into the nucleus and thereby restricts ERK
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to the cytoplasm. Inhibition of ERK signaling cascade by Peal5 impaired tumour cell invasion,

and promoted Ras induced cell senescence.

Tumor promoter | Fas

Deathreceptor | | |
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Figure 2.7. Role of Peal5 as tumor suppressor and tumor promoter. Peal5 interacts with
FADD and inhibits DISC (death inducing signaling complex) formation, thereby inhibits
apoptosis cascade. Peal5 binds ERK and sequesters to the cytoplasm thereby inhibits ERK
dependent cell proliferation

Peal5 has a survival function in the astrocytes by regulating TNFa mediated apoptosis. Apoptois
of neurons and oligodendrocytes has been extensively documented in several pathological

conditions. On the contrary, the astrocytes respond to any brain injury in a process called
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reactive gliosis (101). They appear to be relatively resistant to central nervous system damage
and are at the core of tissue repair and regeneration at the site of injury. Reactive astrocytes
feature upregulation of both tumor necrosis factor (TNF)a and apoptosis-signaling receptors of
the TNF receptor superfamily, including TNR receptor 1 and Fas. Pea-15 DED interacts with
other DED containing proteins like FADD, FLICE. This iteration prevents the recruitment of
procaspase-8 into the DISC and blocks TNFa-mediated apoptosis pathway (102). Astrocytes
lacking Peal5, and exposed to TNF rapidly exhibited apoptosis while, re-expression of Peal5

after transfection restored protection and survival.

2.3.3 Pathophysiological implications

Peal5 tumor-promoting effects were described by its ability to interfere with apoptotic signaling
through its death effector domain. Through interference with apoptosis, Pea 15 showed increased
susceptibility to chemically induced skin cancer in transgenic mice and also mediated chemo-
resistance in human breast cancer cells. Furthermore, Peal5 protected human glioblastoma cells
from glucose deprivation-induced apoptosis. Thus, it acts as a survival factor for cancer cells in
microenvironments with low glucose levels.

Peal5’s regulation of the MAPK/ERK pathway has been associated with anti-tumor outcomes.
Peal5 blocked tumor development in a breast cancer xenograft model and it has been shown to
induce cellular senescence in human fibroblasts by preventing oncogenic transformation. Peal5
was shown to be a good prognostic marker in ovarian cancer, where higher expression levels
correlated with prolonged patient survival. In contrast, Peal5 expression levels were inversely

correlated with the tumor stage in astrocytoma.
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It was demonstrated that increased expression of Peal5 in cultured skeletal muscles and adipose
cells showed resistance to insulin action in glucose uptake. This abnormality depends largely on
Peal5-induced dysfunction of the PKC signaling system (103). It was hypothesized that, Peal5
binds phospholipase D (PLD) isoforms, increases their stability and intracellular diacylglycerol
levels, and thereby activates the dyacylglycerol-sensitive PKCa isoform. These studies also
revealed that the active PKCa in Peal5-overexpressing cells and tissues prevents insulin
induction of the PKC( isoform. This is distinct from PKCa and serves as a major activator of
glucose transporter 4 (GLUTA4) vesicle translocation toward the plasma membrane. Thus, studies
in isolated muscle and adipose cells have shown that the overexpression of Peal5 may determine

peripheral resistance to insulin action by deregulating the signaling of PKC.

Review of literature 46



Aims and objectives

1. Characterization of structural properties and conformational stability of HtrA2 and the role of
its different domains in protein function and specificity. Aim 1 is further divided into the
following sub headings

c) Importance of trimerization for HtrA2 activity
d) Role of different domain coordination, critical residues involved and interdomain

dynamics in regulating substrate specificity and activity

2. To understand the interaction of proapoptotic serine protease HtrA2 with antiapoptotic binding

partner cum substrate—Pea 15

Conclusions and Future perspectives 129



Chapter 3

Materials and Methods
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3.1 MATERIALS

3.1.1 Bacterial strains

Host/ Strain Genotype Origin

E. coli DH5a fhud2 A(argF-lacZ)Ul169 phoA ginV44 #80  New England Biolabs

(Cloning host) A(lacZ)M15 gyrA96 recAl relAl endAl thi-1  (NEB), Ipswich, USA
hsdR17

E. coli BL21 (DE3) fhuA?2 [lon] ompT gal (A DE3) [dcm] AhsdS NEB

(Expression host)

E. coli BL21 (DE3) pLysS F ompT hsdSg(rg” mg") gal dcm (DE3) NEB
(Expression host) pLysS (Cam®)

3.1.2 Plasmids used for cloning

Plasmid / Vector Tag Source
pET 20b C- terminal Hisg tag Addgene (Cambridge, MA, USA)
PMAL c5E-TEV N-terminal MBP tag (Maltose NEB

binding protein) with TEV protease

site

3.1.3 Resins used for protein purification

Resin Tag Source

Ni-IDA Hisg tag Biotex, Houston, USA

Amylose MBP tag NEB

Superdex 200 For gel filtration GE healthcare, Healthcare, Bjorkgatan, Uppsala,
Sweden
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3.1.4 Kits used

Kit Purpose Source

Plasmid miniprep kit Plasmid isolation Sigma chemicals, St. Louis,
MO

Gel extraction Kit DNA extraction from agarose gel  Sigma

pJET 2.1 blunt end cloning kit  Blunt end cloning Fermentas, Waltham,
Massachusetts, USA

Quick change site directed Mutagenesis Stratagene, Cedar Creek, TX,

mutagenesis kit USA

3.1.5 Specialized instruments

Instrument Purpose Source

Jasco J815 CD spectrophotometer ~ Secondary and tertiary structure of ~ JASCO, Easton, MD,
proteins USA

Fluorolog-3 spectrofluorimeter Fluorescence emission studies, HORIBA scientific,

enzyme Kinetics, quenching, FRET  Edison, NJ, USA

Mithras multiwell plate reader Enzyme kinetics Berthold technologies,
Wildbad, Germany

AKTA purifier Gel filtration GE Healthcare,
Buckinghamshire,
United Kingdom

3.2 Buffers and Reagents

3.2.1 Antibiotics

a) Ampicillin sodium salt (Sigma)

Stock concentration: 100 mg/ml (Filter sterilized using 0.22 pm membrane), dissolved in water

and stored at -20 °C
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Working concentration: 100 pg/ml, stored at 4 °C

b) Chloramphenicol (MP Biomedical)

Stock concentration: 34 mg/ml (Filter sterilized using 0.22um membrane), dissolved in ethanol
and stored at -20 °C

Working concentration: 34 pg/ml, stored at 4 °C

3.2.3 Bacterial culture media

a) Luria-Bertani (LB) medium (for 1 L)

25 g of LB powder (Himedia, Mumbai India) was dissolved in 1 L of Milli Q (MQ) water and
autoclaved.

b) LB- Agar Plates (for 1 L)

25 g of LB agar powder (Himedia) was dissolved in 1 L of MQ water and autoclaved. It was
cooled to about 55 °C and 1 ml of respective antibiotic was added from stock. The media was

poured into petri dishes (~25 m1/100 mm plate).

3.2.4. For cloning and site directed mutagenesis

a) Primers

PCR primers were commercially synthesized from Sigma as a lyophilized pellet. The primer
pellet was centrifuged at 10,000 rpm for 1 min and then reconstituted in autoclaved deionized
water to obtain final concentration of 500 pug/ml. A working dilution of 125 ng/ul was prepared

for further experiments.
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b) Restriction Digestion and Ligation

Fast Digest Dpnl, BamHI, EcoRI, Ndel, Xhol enzymes along with 10X fast digest buffer were
obtained from Fermentas. T4 DNA ligase and 10X ligase buffer were supplied from NEB.

) 0.5 M EDTA, pH 8 (for 1 L)

To 148 g of EDTA ~30-40 g of NaOH pellets were added, pH was adjusted to 8 and volume was
madeto 1 L

Note: pH adjusted by NaOH is essential for solubility.

d) Tris-EDTA (TE) Buffer (for 50 ml)

Tris 60.66 mg (10 mM)

EDTA 14.62 (1 mM)

pH was adjusted to 7.5 with 10 N NaOH and autoclaved.

e) Tris Acetate EDTA (TAE) running buffer for agarose gel electrophoresis (for 1 L)
Stock concentration: 50X TAE (2 M Trisacetate, 50 mM EDTA, pH 8)

Working concentration: 1X TAE (0.04 M Trisacetate, 1 mM EDTA, pH 8)

Tris base 242 g
Glacial acetic acid 57.1 ml
0.5 M EDTA (pH 8.0) 100 ml

f) 6X Gel Loading Buffer for DNA (for 100 ml)

(0.25% Xylenecynol, 0.25% bromophenol blue, 30% glycerol)

Xylene Cyanol FF 0.25 g (migrates at 4160 bp with TAE)
Bromophenol blue 0.25 g (migrates at 370 bp with TAE)
Glycerol 30 ml

Autoclaved Milli Q 70 ml
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g) Ethidium Bromide (EtBr)
Stock concentration: 10 mg/ml (20000X)

Working concentration: 0.5 pg/ml

3.2.5 Buffers for protein expression and purification

a) 1M Isopropyl-g-D-thiogalactopyranoside (IPTG) (for 5 ml)

IPTG 1.19¢

Autoclaved Milli Q 5mil

Filter sterilized (0.2um) and stored at -20 °C.

b) Phosphate buffer, pH 8

Stock concentration: 10X (200 mM NaH,PO4/Na;HPO,4, 1000 mM NaCl, pH 8)

Working concentration: 1X (20 mM NaH,;PO4/Na,HPO,4, 100 mM NaCl, pH 8)

Monobasic or monosodium phosphate (NaH,PO,) 59.99 g for 500 ml (1M)
Dibasic or disodium phosphate (Na,HPQO,) 70.98 g for 500 ml (1M)
NaCl 35.6 g for 1L (1M)

To 200 ml of 1M dibasic solution, 1M monobasic solution was added and pH was adjusted to 8.
Later 1M NaCl was added, volume was made to 1L using Milli Q. Buffer was filtered using 0.2

pm filter and autoclaved.

3.2.5.1 Ni -IDA Column Purification buffers
a) Lysis buffer (for 1 L)

(20 mM NaH;PO4/Na;HPO,4, 100 mM NaCl, pH 8, 0.1% triton X 100)

Materials and Methods 53



10X Phosphate buffer pH 8 10 ml (1X)

1M imidazole 10 ml (10 mM, reduces non-specific binding of proteins)
TritonX-100 10 ml (0.1%)

10X Protease inhibitor 1X

BME (14.3 M) 0.34 ml (5 mM)

b) Ni-IDA Binding/Washing Buffer (for 1 L)

(20 mM NaH,PO4/Na;HPO,4, 100 mM NaCl, 10 mM imidazole, pH 8)

10X stock Phosphate buffer pH8 10 ml (1X)

1M Imidazole stock 10 ml (10 mM, reduces non-specific binding of proteins)
14.3M BME stock 0.14 ml (2 mM)

pH was adjusted to 8 , filtered (0.22 um) and autoclaved

c) Ni-IDA Elution Buffer (for 100ml)

(20 mM NaH,PO4/Na;HPO,4, 100 mM NaCl, 20-250 mM Imidazole, pH 8, 2 mM BME)

10X stock Phosphate buffer pH 8 10 ml (1X)
1M Imidazole stock 2ml (20 mM), 10ml (100 mM), 25ml (250 mM)
BME (14.3 M) 0.14 ml (2 mM)

pH was adjusted to 8, total volume was made to 100 ml, filtered (0.22 pum) and autoclaved.

3.2.5.2 Amylose column purification buffers

a) Binding buffer or column equilibration buffer
1X phosphate buffer

b) Elution buffer for 100 ml

(20 mM NaH,PO4/Na,HPO,4, 100 mM NaCl, pH 8, 10 mM maltose, 2 mM BME)
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10X stock Phosphate buffer pH 8 10 ml (1X)
0.5 M Maltose (stock) 2 ml (10 mM)
Miili Q 88 ml

Note: Filtered using 0.22 pm

3.2.5.3 5X SDS sample loading buffer (10 ml)

(250 mM Tris-HCI pH 6.8, 10% SDS, 0.5% BME, 30% glycerol)

1M Tris-HCI pH 6.8 2.5 ml from stock 1M
SDS 109

Glycerol 3mi

BME 0.5 ml from stock 14.3M
Bromophenol blue 0.02 g

Milli Q 4 ml

3.2.5.4 30% acrylamide
(29.2% Acrylamide, 0.8 % N’N’-bis-methylene-acrylamide)
Acrylamide 29.2 g (29.2%)

N’N’-bis-methylene-acrylamide 0.8 g (0.8%)

3.2.5.5 SDS-PAGE Running Buffer (for 1 L)
(25mM Tris, 192mM glycine, pH 8.3, 1% SDS)
Tris Base 3.02 g (25mM)

Glycine 14.4 g (192mM)

Materials and Methods 55



Miili Q 1L

No need to adjust pH

3.2.5.6 Staining / Destaining solution (for 1L)

(50% water, 40% methanol, 10% acetic acid, 0.1% Coomassie blue R-250)

Methanol 400 ml

Acetic Acid (glacial) 100 ml

Milli Q 500 ml
Coomassie blue R-250 19

Destaining solution is the same, minus the Coomassie blue.

3.2.5.7 Tris-Tricine SDS-PAGE buffers
a) 10X cathode Buffer (upper buffer)

(1 M Tris, 1 M Tricine, 10% SDS)

Tris base 1211 ¢
Tricine 179.2 g
SDS 10¢g
Milli Q 1L

b) 10X anode buffer (lower tank buffer)
(2 M Tris-HCI, pH 8.9)
Tris base 242.2 g

pH was adjusted to 8.9 and volume made to 1 L with Milli Q
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c) Tris-Tricine gel buffer

(3M Tris-HCI, 0.3% SDS, pH8.45)

Tris base 182 ¢

SDS 09g

pH was adjusted to 8.9 and volume made to 300 ml with Milli Q

3.2.5.8 1X Transfer Buffer (for 1 L)

(25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol)

Glycine 14.4 g (192 mM)
Tris Base 3.02 g (25 mM)
Milli-Q 0.8L

Methanol 200 ml (20%)

Note: No need to adjust pH

3.3 Methods

3.3.1 Primer reconstitution

All the primers used were synthesized from Sigma and were received as a lyophilized nucleic

acid pellets (not visible with naked eyes). The primer pellet was centrifuged at 10,000 rpm for 1

min. Primers were suspended in 10 mM Tris, pH 7.5 or autoclaved Milli Q water, pH 7 to obtain

stock concentration of 500 pg/ml. Reconstituted primers were stored at -20° C. The working

concentration of 125 ng/ul was prepared. Detailed lists of primers used in this thesis are provided

in table 3.3.1.
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HtrA2 domains

Primer sequence 5'-3"

Serine protease domain (SPD)

Forward (F)-CATATGGATGTGGTGGAGAAGAC
Reverse (R)-CTCGAGAAACTCTCGAAGACG

Serine protease + PDZ domain
(SPD-PDZ)

F- CATATGGATGTGGTGGAGAC
R-CTCGAGCTCAGGGGTCAC

N-terminal + serine protease
domain (N-SPD)

F-CATATGGCCGTCCCTAGCCCG
R-GAATTCTCAAACTCTCGAAG

PDZ domain

F- CATATGCGGCGCTACATTGGGGT
R-CTCGAGCTCAGGGGTCAC

HtrA2 mutants

Primer sequence 5'-3'

Y295W GAAGATGTTTGGGAAGCTGTTCG
N48W CCTATCTCGTGGGGCTCAGGATTC-
F16D GTCAGTACAACGACATCGCAGATGTG
M190R GAACACCAGGAAGGTCACAGC

F208C TCTTCGAGAGTGTCTGCATCGTG
S173A CAGCTATTGATTTTGGAAACTCT

Peal5 deletion constructs

Forward primer sequence 5'-3"

Ao (1-3) GATATCGTCGACGGATCCGAGATCACTACAGGCAGTG
Aa (1-4) GATATCGTCGACGGATCCAACAAGCTGGACAAAG

Aa (1-5) GAT ATCGTCGACGGATCCTCCCGCCGTCCTGACCT

Aa (1-6) GATATCGTCGACGGATCCTCAGAGGAGGATGAGCTG
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Aa (5,6) CTGGACAAAGACAACTCAGAGGAGGATGAG
DED (AC-terminal) GAACCCGTGTGCTGCACCACCACTGAG
Peal5 cleavage site mutants | Forward primer sequence 5°-3"
V80D CTATGGTGGACGACTACAGAAC
V8OF CTATGGTGTTTGACTACAGATTCCGTGTGC
D81A CTATGGTGGTTGCCT ACAGAACC
EG63A TCCTACATTGCGCACATCTTTG
Y62D CAACCTCTCCGACATTGAGCAC
V79D CTCACTATGGACGTTGACTAC
H65D CTACATTGAGGACATCTTTGAG
Y82D GACGTTGACGACAGAACCCG

Peal5 binding site mutants
E68A, R71A CATCTTTGCTATATCCGCCCGTCCTGAC3
D93A, D96A CAGAGGAGGCTGAGCTGGCCACCAAGC
R83A GGTTGACTACGCAACCCGTGT

Table 3.3.1 List of HtrA2 and Peal5 primers. Restriction sites and mutations are highlighted in
bold. Reverse primer is the complementary of the forward primer

3.3.2 Determination of DNA concentration
The absorbance of the DNA samples at 260 nm was measured with a micro-volume UV-Vis

spectrophotometer (NanoDrop, Model-ND 1000) and the concentration was calculated according
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to the Lambert Beer Law. The ratio of absorptions at 260 nm versus 280 nm was used to assess
the purity of the sample with respect to protein contamination. For a pure nucleic acid sample,

the 260:280 ratio should be around 1.8-2.0.

3.3.3 Polymerase chain reaction (PCR)

All PCR amplifications were done using pfu turbo polymerase (Stratgene kit) with proofreading
activity. For sub cloning, the gene of interest was PCR amplified using gene specific forward and
reverse primers. For site directed mutagenesis (SDM) plasmid with gene of interest was
amplified using the forward and reverse primer with the desired mutation. In all SDMs, reverse
primer was complementary sequence of the forward primer. The primers were designed using
‘primer-X" software and ‘oligoanalyser’ tools. The parameters taken under consideration for
designing primers are primer length: 18-24 nucleotides, GC content: 40-60%, Tm: 50-65 °C. A

typical PCR reaction composition is as follows:

Reagents Volume (ul)

Autoclaved Milli Q water, pH 7.0 15.5

10 X Pfu buffer 2

10 mM dNTPs 0.5
Template DNA (60 ng) 1

Forward primer (125 ng/ul) 0.5
Reverse primer (125 ng/ul) 0.5
Pfu enzyme (lunit) 0.5
Total Volume 20

Materials and Methods 60



Typical cycling steps for the PCR are

Initial denaturation 95 °C, 5min

denaturation 95 °C, 30 sec
Annealing temperature 53 °C, 55 sec
Elongation 71 °C, 10 min

( elongation time depends on size of the DNA

and processivity of polymerase)

Final extension 72 °C, 10 min

Repeat step 2 to 4 for 25 cycles | for gene specific amplification 25 cycles, and

for SDM 18 cycles were considered

For SDM, amplified PCR products were treated with Dpnl enzyme (Fermentas) at 37 °C to
degrade the parental template. Dpnl is an endonuclease which would specifically target the
methylated parental DNA strands. The digested PCR product was then transformed in E. coli
DH5a cells. Plasmids were isolated from colonies and sequence of the desired mutation was

confirmed using the automated DNA sequencing facility at ACTREC.

3.3.4 Agarose gel electrophoresis of DNA

0.8 — 1 % agarose was prepared in 1X TAE and boiled using microwave oven. Solution was
allowed to cool to ~50-60 °C and ethidium bromide (0.5 pg/ml) was added to enable fluorescent
visualization of the DNA fragments under UV light. The agarose solution was mixed thoroughly
and poured in a gel casting tray with comb. The gel was allowed to polymerize for 20-30 mins.

The DNA samples as well as DNA size-ladder in the range of 250-10,000 bp (Fermentas) were
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loaded along with the 1X DNA loading dye. The samples were resolved at 100 volts for 30-50
min. The DNA bands were analyzed under UV 365 nm followed by documentation (UVP,

Bioimaging Systems) and visualization (LaunchVision Works LS software) fo gel.

3.3.5 Restriction digestion reaction

Restriction digestion was performed using desired enzymes to prepare the vectors and inserts for
cloning. All restriction digestion reactions were carried out at 37 °C for 1-4 hours using the
supplied buffers (Fermentas). After successful restriction digestion of the insert and the vector,
both were purified by gel extraction (Gel Extraction Kit, Sigma). A typical restriction digestion

reaction conditions are:

10X buffer (Tango/FD) 2ul (1X)
DNA template 10 pul (2-4 pg)
Restriction enzyme 1 unit 1l

Autoclaved MQ water pH, 7.0 7 ul

Final Reaction VVolume 20 ul

3.3.6 Cloning/Ligation

Ligation was set up using T4 DNA ligase supplied with 10X ligation buffer (Fermentas). For
cloning blunt end PCR products, pJET cloning kit (Fermentas) was used and ligation was carried
out according to the manufacture’s protocol. The vector and PCR product were mixed in 1:3
molar ratios and ligated at 22 °C for 30 min. For cohesive-end cloning, restriction digested
vector and insert were gel eluted and mixed in molar ratios of 1:3 or 1:6 and ligated using T4

DNA ligase at 22 °C for 3 hrs or 16 °C for 12 hrs.
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Vector to insert molar ratio was calculated using formula:

Vector concentration (ng) Insert concentration (ng)

Vector size (bp) B Insert size (bp)

Vector concentration (ng) X Insert size (bp)

Insert concetration (ng) = Vector size (bp)

The above equation is for 1:1 molar ratio of vector: insert concentration. For 1:3 molar ratio, 3
times the insert concentration was taken.

Composition for the ligation reaction is as follows:

Vector DNA concentration 60-80 ng

Insert concentration Calculated from the above formula

10X T4 DNA ligase buffer 2 ul

T4 DNA ligase 1l

Autoclaved water Adjusted to total volume of 20 pl

3.3.7 Plasmid construction

3.3.7.1 HtrA2 constructs

Clone of mature HtrA2 construct (A133) comprising residues 134-458 in bacterial expression
vector (pET-20b) with a C-terminal Hisg-tag was obtained from Addgene (Figure 3.1). Different
HtrA2 domains, such as serine protease domain (SPD, residues 19-210), serine protease + PDZ
domain (SPD-PDZ, residues 19-210) and PDZ (residues 226-325) domain were sub-cloned
between Nde-1 and Xho-1 restriction sites of pET-20b vector. N-SPD, comprising N-terminal
and serine protease domains (residues 1-210) of HtrA2 was sub cloned between Nde-1 and

EcoR1 site of pMAL-c5E-TEV vector (NEB) (Figure 3.1). For the ease of purification, Hiss was
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introduced into the C-terminal of pMAL-c5E-TEV-(N-SPD) clone using site-directed
mutagenesis. Several mutants of HtrA2 (S173A, N48W, Y295W, F208C, M190R) were
generated using site-directed mutagenesis. Sequences of all HtrA2 variants were confirmed by

automated DNA sequencing facility at ACTREC.
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Figure 3.1. HtrA2 and Peal5 constructs. A) HtrA2 construct in pET20b Vector with C-terminal
His6 tag. B) N-SPD construct in pMAL c5E Vector with N-terminal MBP (maltose binding
protein) tag. C) Peal5 construct in pMAL c5E Vector with N-terminal MBP (maltose binding
protein) tag

3.3.7.2 Peals constructs

Full length Peal5 (1-130 amino acids) from pGEX 2T was sub cloned in to the BamH1 and
EcoR1 restrictions sites of pMALC5E- TEV vector (Figure 3.1). A C-terminal His-tag was
introduced in this vector by site-directed mutagenesis, to facilitate protein purification. Different
deletion constructs of Peal5 such as DED (AC- terminal, residues 1-86 aa), Aa(1-3), residues

Ao(1-4), Aa (1-5), Aa(5,6) and C-terminal region (ADED, residues 86-130aa) were generated
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with the Quick change site-directed mutagenesis kit (Stratagene). Several mutants of Peal5
(E68A, R71A, R83A, D93A, D96A, Y62D, I63A, E64A, H65D, RV79D, V80D, V8OF, D81A,
Y82D) were generated using site-directed mutagenesis. The resulting mutations were confirmed

by DNA sequencing.

3.3.8 Transformation

The ultra-competent E. coli DH5a cells from -80 °C were thawed on ice. 10 pl of the ligation
mixture or 5 ng of plasmid DNA was added to an aliquot of competent cells and incubated in ice
for 30 min. The cells were given heat shock at 42 °C for 90 sec and incubated immediately in ice
for 2-3 min. After heat shock, 750 ul of LB medium was added to the tube and incubated at 37
°C for 45 min with vigorous shaking (200-250 rpm). After 45 min cells were centrifuged at
5000 rpm for 3 min. The supernatant was discarded and 100 pl of fresh LB was added to the
tube. Pellet was re-suspended, plated on LB plate with appropriate antibiotic and incubated

overnight (16 hrs) at 37 °C.

3.3.9 Bacterial protein expression and purification

3.3.9.1 Sterilization
Bacterial culture media and solutions were sterilized by autoclaving by heating at 120 °C with a

pressure of 120 1bs for 20 min. Heat sensitive solutions were sterile filtered with a 0.22 um filter.

3.3.9.2 Growth conditions
All recombinant proteins were expressed either in E. coli BL21 (DE3) or BL21 (DE3) pLysS.

These strains lacks the Lon and OmpT proteases and carries a chromosomal copy of the T; RNA
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polymerase under the control of lacUV5 promoter (inducible by IPTG) and therefore can
conveniently express genes driven by the T7 promoter. Additionally, BL21 (DE3) pLysS was
used for expression of toxic genes. The strain contains a chloramphenicol resistant pLysS
plasmid which encodes for T7 lysozyme to prevent basal or leaky expression.

A single, transformed, isolated colony of expression host was inoculated in 10 ml LB
medium and grown overnight at 37 °C with constant shaking at 200-250 rpm. 10 ml inoculum
was further inoculated in 1 litre LB broth in a ratio of 1:100. The culture was grown till the
O.Dgoo reached 0.6-0.8. Cells were then induced with 0.3 mM isopropyl-D-thiogalactoside
(IPTG) and incubated at 18 °C for 16 hrs. Culture was harvested by centrifugation at 5,000 rpm

for 10 min at 4 °C. The bacterial pellets were stored at -80 °C until further use.

3.3.9.3 Ni-IDA agarose affinity chromatography

Ni—IDA affinity purification method was used to purify Hisg tagged proteins. Ni—IDA agarose
beads (Biotex) of 2 ml were taken in 1X 10 cm econo column (Millipore). Beads were washed
with 1X washing/equilibration buffer with at least three column volumes under native
conditions. Equilibrated Ni-IDA beads were then incubated with protein lysate at room
temperature (22 °C) for about 30 min. After incubation, unbound lysate (flow through) was
collected separately. Beads were washed with 3 column volumes of washing buffer. Hisg tagged

proteins were eluted with elution buffer containing imidazole gradient (20-500 mM).

3.3.9.4 Amylose affinity chromatography

Amylose affinity purification method was used to purify the protein tagged with MBP. Amylose

beads (Novagen) of 2 ml were taken in 1X 10 cm econo column (Millipore). Beads were washed
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with 3 column volumes of 1X washing/column equilibration buffer. Equilibrated Amylose beads
were incubated with protein lysate at room temperature (22 °C) for about 30 min on rocker with
gentle agitation. After 30 min, flow through was collected and beads were washed with 3 column
volumes of wash buffer. Bound proteins were eluted using elution buffer containing 10 mM

maltose.

3.3.10. General protocol for protein purification

3.3.10.1 Purification of HtrA2 variants

Mature HtrA2 with C-terminal Hise-tag in pET-20b was expressed in E. coli strain BL21 (DE3)
pLysS. Protein expression was induced by culturing cells at 18 °C for 20 hrs in presence of 0.2
mM IPTG. Cells were lysed by sonication and the centrifuged supernatants of HtrA2 variants
were incubated with pre-equilibrated Ni-IDA beads for 1 hr at room temperature. Flow through
was collected and beads were washed with 3 column volumes of wash buffer. Elution was
performed using an imidazole gradient (20-300 mM) in elution buffer. Eluted protein was
further purified using gel permeation chromatography. N-SPD was purified using amylose resin
where the bound protein was eluted using 10 mM maltose and was subjected to TEV protease
cleavage to remove maltose binding protein (MBP). N-SPD was further separated from MBP
using Ni-affinity chromatography. All purified proteins were analyzed by SDS-PAGE for purity.
The fractions with >95% purity were dialyzed against phosphate buffer and stored in aliquots at

—80 °C until use.

3.3.10.2 Purification of Peal5
Peal5 constructs with N-terminal MBP and C-terminal Hisg tags in pMALC5E- TEV vector were

expressed in E. coli strain BL21 (DE3) pLysS. Protein expression was induced by culturing cells
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at 18 °C for 20 hr in presence of 0.3 mM isopropyl-1-thio-D-galactopyranoside. Cells were lysed
by sonication and centrifuged at 10,000 rpm for 30 min. Peal5 supernatant was then incubated
with pre-equilibrated amylose resin at 4 °C for 1hr. Beads were washed with 3 column volumes
of wash buffer. Elution was performed using 10 mM maltose and was subjected to TEV
protease cleavage to remove MBP. Peal5 was further separated from MBP using Ni-IDA affinity

chromatography. All purified proteins were analyzed by SDS-PAGE for purity.

3.3.10.3 Gel filtration chromatography of HtrA2 variants

Gel filtration or size exclusion chromatography is a separation technique based on size and
volume of macromolecules. Relatively small molecules can diffuse into the pores of column
matrix whereas large molecules will be prevented by their size from diffusing into the pores thus
migrate faster. Gel filtration displays a method that can be applied to purify proteins and also to
determine the molecular mass of proteins.

Molecular weights of HtrA2 variants were estimated by size exclusion chromatography. 1 ml
aliquots of protein samples (2-3mg) were run on a Superdex 200 10/300 HR column (GE
Healthcare) pre-equilibrated with phosphate buffer comprising 20 mM Na,HPO,/NaH,PO,, 100
mM NaCl, pH 8. Proteins were eluted with the same buffer at a flow rate of 0.5 ml/min. The
standards used for calibration were Alcohol dehydrogenase (ADH), Bovine serum albumin
(BSA), Lysozyme and Maltose binding protein (MBP). All standards except for MBP that was
lab purified were purchased from Sigma. Elution volume (Ve) / void volume (Vo) versus log of
molecular weights of standards were plotted to generate the calibration curve from which

molecular weights of HtrA2 variants were calculated.
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3.3.11 Determination of Protein concentration

Two distinct methods have been used to measure the protein concentration of a given sample.

3.3.11.1 Bradford protein assay

The Bradford protein assay is a spectroscopic analytical procedure used to measure the
concentration of protein in a solution (104). The assay is based on the observation that the
absorbance maximum for an acidic solution of coomassie brilliant blue G-250 shifts from 465
nm to 595 nm when binding to protein occurs. 5 ul of the BSA standards (1, 0.5, 0.25, and 0.125
mg/ml) were mixed with 200 pl of Bradford reagent (1:4 diluted, Bio-Rad) in triplicates in a 96-
well plate. Readings were taken with ELISA plate reader (Spectra Max 790) at 595 nm using
SoftMaxPro 4.6 software. Standard graph was plotted by taking absorbance on Y-axis and
concentration of protein on X-axis. Concentration of protein of interest was extrapolated from

the standard curve.

3.3.11.2 Absorbance at 280 nm

The Absorbance of a protein sample at 280 nm was measured with a Nanodrop. The
concentration was calculated according to the Beer-Lambert law: A = € x ¢ x 1, where A is the
absorption at 280 nm, ‘€’ is the molar exctinction coefficient, ‘c’ the molar concentration of the
protein solution and ‘I’ is the cell length of the cuvette. Molar extinction of proteins was
calculated according to the Edelhoch method (105). The equations to calculate the protein
concentration are as provided below:

1) Protein concentration (mg/ml) = Absorbance 230/ € X Molecular weight of protein (Daltons)

2) Protein concentration (uM) = Absorbance ,g0/ € X 1000000
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3.3.12 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used for the electrophoretic separation of proteins according to the method of
Laemmli. The stacking and the separating gel were prepared as described below (table 3.8). The
protein samples were mixed with 5x sample buffer, boiled for 5 min and loaded onto the gel. The
electrophoresis was performed at 100 V for about 60 min. The gel was stained with coomassie
brilliant blue for 10-15 min. The gel was then destained overnight in the destainer and finally

preserved in 10% acetic acid and documented.

3.4. Biophysical studies
Biophysical techniques those have been used in this thesis to structurally characterize a given

protein are:

3.4.1 Circular Dichroism (CD) spectroscopy

CD spectroscopy is used to determine the secondary and tertiary structural properties of
biomolecules. Circular dichroism is the property of chiral molecules to absorb the right and left
components of circularly polarized light to a different extent. Far UV CD spectra in the range
(260-190 nm) was used to analyze different secondary structural components of the protein such
as alpha helix, parallel and antiparallel beta sheet, turn, and others. Absorption minima at 208
and 222 nm indicate a-helical structure, whereas a minimum at 218 nm is a characteristic of p-
sheets. Proteins with greater disordered secondary structural elements or random coil regions are

characterized by a low elipticity at 210 nm and negative band near 195 nm.
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Far-UV CD scans of HtrA2 and Peal5 variants were acquired using a JASCO J 815
spectropolarimeter (JASCO) using a quartz cell with 1-mm path length. Far-UV CD spectrum
(260-190 nm) was recorded using a bandwidth of 1 nm and an integration time of 1s, with
proteins of 10 uM concentrations. Each spectrum was an average of 5 scans, with a scan rate of
20 nm/min. Thermal stability of proteins were assessed by monitoring the CD spectrum with
increasing temperature. A Far-UV CD spectrum was collected in a temperature range of 20 °C-
90 °C with an increment of 2 °C/min. At each data point, the sample was equilibrated for 3 mins.
Elipticity corresponding to 222 nm at different temperatures was obtained for calculation of
melting temperature (Tm).

Data analysis

The CD data was represented in the form of the mean residual elipticity (MRE or [0]) given as
deg.cm?.mol™. Elipticity obtained from the CD spectra was converted to mean residue elipticity
using the formula (106):

[6]MRE = (6 X MRW)/ (10 X ¢ X d) (1)
Where, MRW (Mean residue weight) = Molecular weight / (N—1)

'c' is concentration of protein (mg/ml), ‘d’ is the path length in cm and ‘N’ is the number of

amino acids.

3.4.2 Fluorescence spectroscopy
Fluorescence is a phenomenon in which a molecule absorbs a lower wavelength photon,
undergoes electronic excitation, and then emits longer wavelength. Fluorescence spectroscopy is

used for studying dynamics, protein unfolding and biomolecular interactions. The intrinsic
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fluorescence of a folded protein is a combination of the signal from individual aromatic residues
(Phe, Tyr, Trp) with the major contribution from tryptophan residue.

Fluorescence emission of HtrA2 and Peal5 variants (2 M) were measured by Fluorolog-3
spectrofluorometer (Horiba Scientific) using a quartz cell with 3 mm path length cuvette.
Fluorescence spectra of 2 uM protein solutions were recorded with 295 nm excitation followed
by emission between 310-400 nm using a 5 nm excitation and emission slit widths with an

integration time of 0.1s.

3.4.3 Acrylamide quenching

Fluorescence quenching is a process which decreases the intensity of the fluorescence emission
in presence of a quencher. The accessibility of fluorophores in a protein molecule can be
measured by extent of quenching. Fluorescence quenching studies are useful to obtain
information about the conformational and dynamic changes of proteins. Different type of
quenchers used for these studies are acrylamide (neutral), Kl (negatively charged) and CsCl
(positively charged).

Steady state fluorescence quenching measurements were carried out using a Fluorolog-3
spectrofluorometer that is attached to a water bath. Stock protein solutions were dialyzed against
20 mM phosphate buffer, 100 mM NaCl, pH 8. A stock solution of 5 M acrylamide (external
quencher) was prepared in the same buffer. Fluorescence quenching experiments were performed
between 30-65 °C at 5 °C interval. Protein solutions (2uM) were diluted from the stock, and 5M
acrylamide was added to the final concentration as shown in table 3.2. Protein was pre-incubated
for 15 min at each respective temperature and fluorescence emission scans were taken after

addition of quencher with excitation at 295 nm. The values of fluorescence intensity were
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corrected for dilution effects, residual emission, Raman scattering, and absorption of light by

acrylamide (107).

Concentration of | Total volume | Volume added from Final Total volume
acrylamide of protein 5M acrylamide concentration of | after adding
required solution stock acrylamide acrylamide
(M) (u) (1) (M) (1)

0 200 0 0 200
0.05 200 2 0.049 202
0.10 200 2 0.098 204
0.15 200 2 0.145 206
0.20 200 2 0.192 208
0.25 200 2 0.238 210
0.30 200 2 0.283 212
0.35 200 2 0.327 214
0.40 200 2 0.370 216
0.45 200 2 0.412 218
0.50 200 2 0.454 220

Table 3.2. Protocol for acylamide quenching

Data analysis

Fluorescence emission maxima of respective proteins were used for data analysis. Data were
then analysed using the Stern—\olmer relationship as shown in equation 2.

Fo/F =1+ Ksv [Q], )
For graph with upward curvature, modified Stern—Volmer relationship was used:

Fo/F = (1+Kp[Q]) exp([Q]VN/1000) (3)

where, Fo and F, are fluorescence intensities in absence and presence of quencher respectively,
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[Q] is concentration of quencher (molar), Ksy is the Stern—Volmer quenching constant, Kp is
dynamic quenching constant, ‘V’ is volume of sphere and ‘N’ is the Avogadros number.

The procedure to fit these equations in Kaleidgraph is as follows:

a) Go the gallery and select the scatter

b) Plot the graph

c) Go to curve fit and type the formula as shown below:

For linear equation:

(1 + m1* m0); m1=10 (ml=any variable form 1-1000) 4)
m1= Ksy value for dynamic quenching constant

For upward curve:

(1 +m1*m0) *exp(m0*m2 *25.2 *10 ~ 20); m1 = 1000; m2 = 10 * -30 (5)
m1= Ksy value for dynamic quenching

m2= Ksy value for static quenching

3.4.4 Forster resonance energy transfer (FRET)
FRET is a distance-dependent interaction between the electronic excited states of two
fluorophores in which excitation is transferred from a donor molecule to an acceptor
molecule without emission of a photon. FRET efficiency depends on physical parameters such as
distance and spectral overlap between donor and acceptor. FRET is an important technique for
investigating a variety of biological phenomena such as structure and dynamics of proteins, and
receptor/ligand interactions.

The donor and acceptor pair chosen for our FRET studies were tryptophan (Y295W mutants)

and 5-((((2-lodoacetyl) amino) ethyl) amino) Naphthalene-1-Sulfonic Acid (IAEDANS), a
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sulfhydryl (SH)-specific fluorescent probe respectively. To 50 uM protein solutions (Y295W,
F208C mutants) in phosphate buffer and 5 fold molar excess of IEADANS (Sigma) were added
and incubated in dark for 16 hrs at 4 °C. To remove unbound label, protein was passed through
Ni-IDA affinity column and labelled protein was eluted using imidazole. Labelling efficiency
was assessed using equation:

A/e x M/c = Labelling efficiency (LE) (6)
where ‘A’ is the absorbance of IAEDANS at 336 nm, ¢ is the molar extinction coefficient of the

IAEDANS (5700 M “‘em™), M is molecular weight of protein, and ‘c’ is the protein
concentration. Fluorescence emission was measured over a temperature range of 30-65 °C at 5
°C intervals. 2 pM proteins were excited at 295 nm, and emission was measured over a
wavelength range of 310-575 nm with an excitation and emission slits at 5 nm.

Data analysis
Fluorescence resonance energy transfer efficiency was calculated using the following equation
(108):

E=1-(Fpa-Fp (1-fa)) / Fpfa @)
Where, E is the calculated efficiency, Fpa and Fp are blank corrected emission of donor
(tryptophan) in presence and absence of acceptor (IAEDANS) respectively, and fa is fractional
occupancy (labelling efficiency calculated from equation 1) of the acceptor site. Donor-Acceptor
(D-A) separation was obtained using the following relationship,

R= (E™-1)"*R, (8)
where, R is the D-A separation and Ry is the Forster critical distance. The value for Ry was taken

as 22 A (109).
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3.5 Biochemical studies

3.5.1 Affinity pull down studies

Affinity pull down studies help to understand protein-protein interaction in in vitro and in vivo.
Recombinant MBP-fused Peal5 was lysed in a lysis buffer containing (20 mM
Na;HPO4/NaH,PO4, 100 mM NaCl, pH 8, 0.1% Triton X100). 10 pg of Peal5 lysate was
incubated with 10 ul of amylose beads (Invitrogen) for 1hr at 4 °C. Beads were then washed
extensively with the phosphate buffer. After washes, 100 pg of purified recombinant HtrA2
variants were incubated with amylose bound MBP fused Peal5 proteins (~10 pg), in a final
volume of 200 pl in wash buffer. After overnight incubation under agitation at 4 °C, beads were
extensively washed for four times with wash buffer and boiled in 30 pl Laemmli buffer. Samples

were then analyzed by 15% SDS-PAGE and coomassie blue staining.

3.5.2 In silico Docking studies

In silico docking studies are computer assisted programme used to predict the binding interface
in protein—protein interactions. Docking studies between the HtrA2 (receptor) and Peal5 (ligand)
were performed using the ClusPro 2.0, fully automated web server for the prediction of protein—
protein interactions (110). First, it runs PIPER, a rigid body docking program, based on a novel
Fast Fourier Transform (FFT) docking method with pair-wise potentials. Second, by using a
clustering technique for the detection of near native conformations and by eliminating some of
the non-native clusters, the 1000 best energy conformations were clustered, and the 30 largest
clusters were retained for refinement. Third, by short Monte Carlo simulations, stability of these
clusters is analyzed, and by the medium-range optimization method SDU (Semi-Definite

programming based Underestimation), the structure refinement was done. Total 40 docked
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models based on several parameters such as electrostatic, hydrophobic, van der Waal-
electrostatic and balanced interactions were generated (10 docked conformations for each type of
interaction). The structures based on the balanced type of interaction were studied, as it favors
electrostatic, hydrophobic and electrostatic interactions which were preferred for docking. The
interactions observed in these docked conformations were visually examined using the
software PyMol. The binding interface residues were evaluated using the PDBsum generate

server with the default cut-offs (111).

3.5.3 Protease assays with p-casein as substrate
Protease activity of different HtrA2 constructs was determined using substrate (3-casein (Sigma),
a generic substrate of serine proteases. For each 30 ul reaction mixture, 2 pg of respective
protein was incubated with 6 pg of B-casein in assay buffer (20 mM Na,HPO./NaH,PQO,, pH 8.0,
100 mM NaCl, 0.1 mM DTT) at 37 °C for 2.5 hrs and results were analyzed by SDS-PAGE. For
all quantitative studies, FITC (fluorescein isothiocyanate) labelled f-casein (Sigma) was used.
Fluorescent substrate cleavage was determined by incubating 200 nM of enzymes with
increasing concentration (0-25 uM) of B-casein at 37 °C in assay buffer. Proteolytic cleavage
was assessed by monitoring increase in fluorescence intensity of unquenched FITC B-casein in a
multi-well plate reader (Berthold Technologies) at 485 nm excitation and 535 nm emission
wavelengths (Figure 3.2).

Protease activities of HtrA2 variants over a temperature range of 30-65 °C were determined
using Fluorolog-3 Spectrofluorometer (HORIBA Scientific). For each 200 pl of reaction mixture,
0.5 uM protein was incubated with 0.6 uM of FITC labelled B-casein substrate in enzyme assay

buffer. Prior to the addition of substrate, enzyme was pre-incubated at each respective
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temperature for 15 mins and proteolytic cleavage was monitored with excitation at 485 nm
followed by 535 nm emission. Initial velocities were calculated at each respective temperature
using linear regression analysis. Assays are representative of at least three independent
experiments done in triplicate.
Note: FITC B-casein is photosensitive
Data analysis
Graph was plotted by taking time (min) on X-axis and increase in fluorescence intensity on Y-
axis. Slope value for each substrate concentration was determined using linear regression
analysis. Reaction rates vy (MM/min) of unquenched FITC at respective substrate concentration
were determined by dividing the slope with 19422 (slope of free FITC standard curve).

The steady-state kinetic parameters were obtained from the reaction rates by fitting data to
Michaelis-Menten equation using nonlinear least squares subroutine in KaleidaGraph program

(Synergy software).

;O 2 © 2% © S ° S © ST YY)
— >

FITC B-casein

Quenched fluorescent protein substrate Cleavedsubstrate with increase in fluorescence

Fluorescence
intensity

Time

Figure 3.2. Protease assay of HtrA2 using FITC g-casein as substrate. Proteolytic cleavage of
quenched FITC p-casein substrate results in increase in fluorescence intensity
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3.5.4 Protease assays with Peal5 as substrate

HtrA2 protease activity was assayed by incubating 4 pg of recombinant HtrA2 variants with 2pug
of recombinant pea-15 constructs in an assay buffer (20 mM Na;HPO4/NaH,PO4, pH 8, 100 mM
NaCl, 0.1 mM DTT) for 0-12 hrs at 37 °C. The reactions were stopped with SDS-sample buffer
and boiled for 5 min. The reaction products were analyzed be Tris-Tricine SDS-PAGE at a
constant voltage of 90 V followed by coomassie Blue staining. Substrate remaining at 7 hr was
quantified by GelQuant.NET by biochemLabSolutions.com. All data were normalized relative to

the uncleaved Peal5. The obtained values were plotted using the GraphPad Prism 5 software.

3.5.5 N-terminal sequencing

The proteolytically degraded Peal5 bands were transferred -electrophoretically onto a
polyvinylidene difluoride (PVDF) membrane (pore size 0.45 pm, Millipore Corporation,
Billerica, MA, US) using wet transfer apparatus in 1X transfer buffer at a constant voltage of
20V for 10 hrs. Transferred proteins were stained with 0.2% amido black in 50% methanol,
followed by destaining in 50% methanol. The stained fragments were excised from the
membrane and were air-dried. The N-terminal five amino acid residues of each fragment were

identified using ABI 494 Protein sequencer, Tufts university core facility, Boston.
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Chapter 4.1

Characterization of structural properties and
conformational stability of HirA2 and the role of different

domains in protein function and specificity
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4.2.1 Introduction

High resolution crystal structure of mature unbound form of HtrA2 provides a broad overview of
its structural organization and mechanism of activation (10). The trimeric protease has a
pyramidal architecture where N—-terminal is at the top and PDZ at the base. The core serine
protease domains (SPD) are surrounded by C-terminal PDZ domains, which along with the
trimeric architecture restrict entry of the substrates to the leading to a low basal activity. It is
believed that the PDZ-protease dynamics and their relative orientation modulate HtrA2 activity
and hence functions. These observations led to development of an activation model which
highlights the role of PDZ in substrate binding and subsequent protease activation (10). The
model states that upon substrate binding, PDZ that otherwise shields the protease domain opens
up allowing the substrate to enter the binding pocket. While, in the monomeric mutant of HtrA2,
PDZ completely collapses on SPD thus restricting substrate entry to the and subsequently
rendering it inactive. Although the model provides a basic understanding of HtrA2 activation, it
could neither satisfactorily define the roles of trimerization and N-terminal domain in HtrA2
functions nor decipher the dynamics of PDZ-protease crosstalk as electron-density for both the
linker and a part of N-terminal region is unavailable in the structural data. Unlike other HtrAs,
the substrate binding YIGV (GLGF motif) groove of PDZ domain is buried deep within the
protein interior and is blocked by Pro225 and Val226 of SPD in the closed protease
conformation (10, 112). Therefore, initial binding at YIGV pocket would demand either an
extremely stringent structural signature such as partial substrate unfolding or there might be an
alternative mechanism. With a closer look at different biological roles of HtrA2, its wide
substrate specificity and putative binding sites on its known available substrates, the former

possibility seems unlikely (113). Alternatively, it was shown earlier that activation of HtrA2
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occurs allosterically where the signal is relayed via a distal non-canonical substrate binding site
with subsequent opening up of the YIGV pocket (71). Here, with an aim at understanding the
subtle structural reorganizations and intrinsic conformational dynamics that lead to HtrA2
activation, we dissected its various domains to decipher their roles individually as well as in

combination in mediating HtrA2 specificity and functions.

4.1.2 Results

4.1.2.1 Importance of trimerization for HtrA2 activity

4.1.2.1.1 Construction of different HtrA2 domains and variants
Different mutants and variants of HtrA2 were generated to understand the role of critical residues
and contributions from different domain combinations in maintaining its overall structural
integrity and functions (Figure 4.1.1A). It was reported in the literature that N-terminal aromatic
residues (Y14, F16 and F123) are crucial for maintaining its trimeric architecture through
intermolecular van der Waals interactions (10). One such residue (F16) when mutated to
aspartate was found to disrupt these interactions and render the protein monomeric (10, 73). We
made the same mutation for our studies to understand the role of trimerization in HtrA2 structure
and function. At the same time, this mutant along with N-terminal deleted SPD-PDZ (AN-
terminal 18 residues) variant was thought to be helpful in understanding the contribution of N-
terminal region in structure, stability and formation.

To understand the intimate regulation of protease activity by PDZ domain, we generated
a trimeric N-SPD (APDZ) variant that was expected to retain its oligomeric property (intact N-
terminal trimerization domain) but with no PDZ interference. M190, a residue at the PDZ-

protease interface has been implicated to have a detrimental effect on PDZ plasticity upon
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mutation to an arginine due to negative inter-subunit packing. Thus M190R mutant was made to
demonstrate the role of this interface residue in relative PDZ-protease orientation, interdomain
contacts and its subsequent effect on HtrA2 activity. A monomeric version of N-SPD that is N-
SPD(F16D) was generated to understand the importance of N-terminus in HtrA2 structure and
stability. This protein upon comparison with N-SPD, mature HtrA2, SPD-PDZ and HtrA2(F16D)
would highlight the importance of PDZ in the trimeric HtrA2 structure and role of interdomain
interaction if any. SPD (AN-terminal + APDZ) was cloned and purified separately to understand
the roles of N-terminal region and PDZ domain in proper active-site formation, protein stability
and maintaining its structural integrity. It would also demonstrate whether PDZ inhibition might
be the sole reason for HtrA2 inactivation.

The subtle structural changes in the protein can be monitored based on the spectral properties
of the side chains of aromatic amino acids. In particular, tryptophan has been shown to be a
useful probe for studying protein structure and dynamics. Since HtrA2 is devoid of tryptophans,
single tryptophan mutants were strategically generated in SPD and PDZ domains (N48W and
Y295W) so as to understand and compare spectroscopically the environments surrounding the
and PDZ-protease interface respectively (Figure 4.1.1B). N48W was introduced on 2 strand of
SPD, in the vicinity of L1 and LD regulatory loops in the region. This tryptophan was expected
to be in proximity to F170 of SPD which is an important component of oxyanion hole. The
positioning of W48 was chosen in such a way that it reflects the environment of the , the
regulatory loops surrounding the pocket as well as the a5 of PDZ which is close to PDZ* of the
neighbouring subunit. This tryptophan mutant was thus expected to delineate subtle
conformational changes near the region and interdomain cross-talk during HtrA2 activation.

Y295W was introduced on a7 of PDZ at the interface between SPD and PDZ domain such that
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this tryptophan faces SPD of the same monomer and is very close to the canonical peptide
binding (YIGV) groove. It is also in the vicinity of intersubunit linker and is positioned in such a
way that PDZ movement away from SPD would expose the tryptophan which will be reflected in
its fluorescence emission maxima towards longer wavelength. Thus, these two strategically
positioned tryptophans would aid in understanding the conformational changes at the PDZ-
protease interface. A cysteine mutation was introduced at SPD, HtrA2(F208C) to examine the
distance between PDZ and protease domains by pairing with W295 residue using Forster

resonance energy transfer (FRET) studies.
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Figure 4.1.1. Representation of different domains and mutants of HtrA2. A) Schematic
representations of different HtrA2 constructs generated for the present study. Light grey boxes
indicate protease domain (19-210 residues) and dark grey boxes PDZ (226-325 residues)
domain, (—) lines indicate N-terminal region (1-18 residues) and linker region (211-225
residues), and (A) indicates the position of mutation on the respective domains. B) Ribbon
diagram of the crystal structure of HtrA2 (PDB accession number 1LCY). Amino acid
substitutions in HtrA2 protease and PDZ domains are shown in stick models. The ribbon
diagram was drawn using PyMOL (DeLano Scientific, USA).
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4.1.2.1.2 Role of N-terminal region in oligomerization

Oligomeric properties of HtrA2 variants were estimated to understand the role of N-terminal
region mainly F16 in maintaining its trimeric architecture. Elution profile of all HtrA2 variants
were monitored using superdex 200 gel filtration column and their respective molecular weights
were calculated from the calibration curve generated from protein standards (Figure 4.1.2A and
B). The estimated molecular weights of the proteins are shown in Table 4.1.1 which
demonstrates that HtrA2 (wild type) and N-SPD are trimers with intact N-terminal regions.
HtrA2(F16D), N-SPD(F16D) and SPD-PDZ represent monomers reiterating the importance of
N-terminal F16 in homotrimerization as suggested within the literature. Further gel filtration of
HtrA2 tryptophan mutants, HtrA2(Y295W) and HtrA2(N48W) as well as HirA2(M190R) were
performed to look into the effect of these mutations on HtrA2 oligomerization. Estimated
molecular weights of tryptophan mutants and HtrA2(M190R) from gel filtration were

comparable to the wild-type suggesting the mutations did not affect oligomeric status of the

protease.
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Figure 4.1.2. Oligomeric properties of HtrA2. A) Elution profile of HtrA2 variants using
superdex 200 gel filtration column. B) Calibration curve generated using the protein standards
BSA, ADH, MBP, Lysozyme

Results and Discussion (chapter 4.1) 86



Protein Theoretical molecular V./VV, Calculated

weight (kDa) molecular

(protparam) weight (kDa)
ADH 141.00 2.042
BSA 66.00 2.532
MBP 43.00 2.631
Lysozyme 14.40 3.221
HtrA2(F16D) 36.20 2.722 37.950 (Monomer)
N-SPD 70.30 2.401 73.618 (Trimer)
N-SPD(F16D) 23. 29 2.634 25.456 (Monomer)
SPD-PDZ 34.20 2.732 36.899 (Monomer)
HtrA2 wild type 109.60 2.203 108.798 (Trimer)
HtrA2(M190R) 109.73 2.205 110.796 (Trimer)
HtrA2(N48W) 109.40 2.205 109.797 (Trimer)
HtrA2(Y295W) 109.50 2.206 110.295 (Trimer)

Table 4.1.1. Oligomeric properties of different HtrA2 constructs. Molecular weights of HtrA2
and its variants were calculated from calibration curve generated using different standard
protein molecules (ADH, BSA, MBP and Lysozyme) as described under materials and methods

4.1.2.1.3 Role of oligomerization and different domains in protease activity

Protease activity of HtrA2, its variants and mutants was studied to understand the role of
different domains and critical residues in regulating HtrA2 activity and specificity using a
generic serine protease substrate [-casein in both gel and fluorescence based assays. These
studies have been designed to reflect protease activity as a consequence of conformational
changes due to initial substrate (here B-casein) binding at PDZ domain. In all protease activity
studies, mutant, HtrA2(S173A) was used as a negative control. It was observed that HtrA2, N-
SPD and HtrA2(M190R) cleaved B-casein but monomeric HtrA2(F16D) showed very less
cleavage and other monomeric variants such as SPD and SPD-PDZ variants did not show any

protease activity (Figure 4.1.3A), thus highlighting the importance of trimerization and also the
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N-terminal region in HtrA2 activity. For more quantitative analysis, enzyme Kkinetics was studied
fluorometrically with FITC-labeled B-casein as a substrate and initial velocities (vo) were
calculated (Figure 4.1.3B). Monomeric mutants and variants such as HtrA2(F16D), SPD, N-
SPD(F16D) and SPD-PDZ showed very less activity compared to wild type. Tryptophan
mutants, HtrA2(Y295W) and HtrA2(N48W) have enzyme activity comparable to the wild-type
suggesting the mutations did not affect the active conformation of the protease. Interestingly,
contrary to the existing literature report, SPD was found to be completely inactive while
HtrA2(M190R) was enzymatically more active than the wild-type. Interestingly, the M190R
variant was expected to negatively affect SPD-PDZ packing leading to PDZ collapse on SPD and
subsequent loss of activity. These observations suggest that PDZ collapse on protease domain

might not be the sole reason for HtrA2 inactivity as proposed by Shi and co-workers in 2002

(10).
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Figure 4.1.3 Comparison of proteolytic activities of HtrA2 and its variants. A) p-casein
cleavage assay for HtrA2, and its variants. S-casein was incubated with respective protein at 37
°C and reaction samples were resolved by 12% SDS-PAGE and visualized by staining with
coomassie brilliant blue. B) Initial velocities (vo) of HtrA2 and its variants calculated using
FITC p-casein as substrate. The error bars represent the standard errors (SE) calculated from
three independent experiments
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The above observations were correlated with kinetic parameters of HtrA2 and its mutants to
delineate the role of these mutations and deletions on substrate binding and catalysis of HtrA2
(Figure 4.1.3C and Table 4.1.2). In N-SPD variant, slight decrease in K, value compared to
HtrA2, (3.02 and 4.6 pM) which is representative of increase in substrate affinity suggests
greater substrate accessibility that might be due to absence of the surrounding PDZ domains.
However, substrate turnover rate or ke ((0.004/s) and catalytic efficiency or Kea/Km (1.29X10°
M™s™) were found to be 5 and ~3.5 folds less respectively than the wild-type suggesting the
importance of PDZ in mediating conformational changes around the active-site that positively
influences the rate of catalysis.

With an aim at understanding whether trimeric architecture is crucial for HtrA2 activation,
enzymatic parameters for full length monomeric variant, HtrA2(F16D) were analyzed. In this
variant, the Ky, was found to be two fold higher (9.3 uM), while there is a significant decrease in
turnover rate and hence catalytic efficiency (~800 and 1600 folds, respectively). This decrease in
substrate binding affinity and catalysis suggests that homotrimerization is a prerequisite for
HtrA2 activity and also hints toward the presence of intermolecular PDZ-protease crosstalk for
HtrA2 action.

Although literature suggests that HtrA2(M190R) negatively affects packing between SPD and
PDZ domains leading to PDZ collapse on SPD and subsequent loss of activity, our studies
demonstrate significantly higher initial velocity for this packing mutant compared to the wild
type. Comparison of K, values (4.06 M) show similar substrate binding affinity suggesting the
active pocket is mainly unperturbed and the active-site accessibility is not limited due to this
mutation. However, the turnover rate (0.0775/s and 0.02041/s respectively) as well as catalytic

efficiency (19.3X10° M™s™ and 4.45X10° M*s™ respectively) are ~4 folds higher than the wild-
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type suggesting presence of a more catalytically competent oxyanion hole in the former. This
might be possible either by opening up the or by removing the PDZ inhibition from protease
domain.

Since, SPD and SPD-PDZ were completely inactive, no kinetic parameters could be obtained.
These observations emphasize the role of trimerization in protease activity and demonstrate that

PDZ inhibition might not be the sole reason for protease inactivation.

HtrA2 Protein Km (uM) Vmax (M/S) Keat (1/5) Keat! K (1/M.S)
HtrA2(Wild type) 4.60 4.08 x10° 0.020 45 x10°
HtrA2(M190R) 4.06 15.50 x10~ 0.078 19.3 x10°
HtrA2(F16D) 9.30 4.08X10™" 0.000025 0.026X10°
N-SPD 3.02 0.79 X107 0.004 1.29X10°

SPD _ _ _ _
SPD-PDZ _ _ _ _

Table 4.1.2. Steady state kinetic parameters for HtrA2 wildtype and its variants using FITC f-
casein as the substrate. The data is the average of three independent experiments

Further, to understand the rate of substrate catalysis for all monomeric mutants, protease activity
was monitored with increasing concentrations (2-6 pug) of the enzyme. Increasing concentrations
of SPD and SPD-PDZ did not show any activity (Figure 4.1.4A and B), whereas HtrA2(F16D)
and N-SPD(F16D) showed activity with substrate p-casein (Figure 4.1.4C and D). Protease
activity for HtrA2(F16D) and N-SPD(F16D) increased in a linear fashion with FITC labelled (-
casein (Figure 4.1.4E) suggesting that with increase in protease concentration, enzyme substrate
complex is more stabilised leading to enhanced substrate catalysis in variants containing the N-

terminal region. This emphasizes the role of N-terminal region in formation of proper
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conformation. To negate the possibility that oligomerization might occur at higher
concentrations, which leads to an increase in protease activity, concentration-dependent
oligomeric properties of HtrA2(F16D) and N-SPD(F16D) were studied using gel filtration
chromatography, as shown in (Figure 4.1.4F). Both the proteins were found to be monomeric at

all protein concentrations, as expected.
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Figure 4.1.4. Proteolytic activity of HtrA2 mutants with f-casein as substrate. In all gels S-c

represents f-casein. f-casein cleavage assays with increasing concentrations (2ug, 4ug, 6ug) of
A) SPD, B) SPD-PDZ domain, C) HtrA2(F16D) mutant and D) N-SPD(F16D) mutant. E) Initial
velocities (vp) with increasing concentrations (2-6ug) of SPD, SPD-PDZ, HtrA2(F16D) and N-
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SPD(F16D) using FITC p-casein as substrate. F) Elution profile with increasing concentrations
of HtrA2(F16D) and N-SPD(F16D) using superdex 200 gel filtration column

4.1.2.1.4 Secondary and tertiary structural properties of HtrA2 mutants and domains

Far UV CD studies were performed to understand the effect of deletions and mutations on HtrA2
secondary structure and stability. All proteins except N-SPD and N-SPD(F16D) show similar
secondary structural properties suggesting the mutations and deletions did not alter their overall
secondary structure (Figure. 4.1.5A). Both N-SPD and N-SPD(F16D) show decrease in total a-
helical characteristics of the protease which might be due to absence of PDZ domain in these two
variants. Secondary structural properties of all HtrA2 constructs harbouring either Y295W or
N48W mutation are comparable to their non-tryptophan counterparts suggesting these tryptophan
mutations are structurally not perturbing.

Fluorescence emission studies were performed for all tryptophan mutants (Y295W and
N48W) and variants of HtrA2 to characterize the tertiary structural changes at the PDZ-protease
interface, near the region as well as to understand the effect of certain mutations and deletions
on the overall protein conformation. The two monomeric variants of HtrA2,
HtrA2(F16D,Y295W), and SPD-PDZ(Y295W) showed red-shifted emission maxima (by 2 nm)
compared to trimeric HtrA2(Y295W) (Figure. 4.1.5B) demonstrating that PDZ of the same
molecule might not be completely collapsing on the SPD domain as suggested by the model (10).
Interestingly, the packing mutant HtrA2(M190R,Y295W) showed similar red-shift implicating
that this mutation did not negatively disrupt intramolecular PDZ-protease contacts as suggested
earlier. This observation corroborates very well with the enzyme kinetics data discussed in the
previous section. In contrast, emission maxima for HtrA2(N48W) showed slight red-shift

(Figure. 4.1.5C) compared to the two monomeric variants suggesting that regulatory loops L1
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and LD which are in the vicinity of the tryptophan might be oriented such that the tryptophan is
more buried in the monomeric forms. In addition, emission maxima for trimeric N-SPD(N48W)
is slightly blue-shifted (~1 nm) compared to HtrA2(N48W) which suggests PDZ domains do not
influence the burial of W48 in the protease structure and the observed blue-shift in the
monomeric full length HtrA2 variants might be due to rearrangements of the loops around the .
Overall, these studies show that the mutants are well-folded with proper secondary and tertiary
structural properties. Structural alterations and subtle conformational changes might occur with
deletions and mutations respectively, which are reflected in overall protease activity.

Since protease activity of HtrA2 increased with temperature, thermal stability of the
protease and secondary and tertiary structural changes in the SPD and PDZ-protease interface
were monitored for different constructs. Thermal denaturation studies using CD spectroscopy
demonstrate that T, (melting temperature) of HtrA2, HtrA2(S173A), HtrA2(Y295W) and
HtrA2(N48W) were ~74 °C (Figure. 4.1.5D) suggesting that these mutations did not have
destabilizing effects on the protease. The slopes for full-length trimeric protease variants except
for HtrA2(M190R) were steep demonstrating highly cooperative unfolding, whereas it was
comparatively less for HtrA2(M190R) implying higher conformational flexibility (114). This
might be due to the presence of more open architecture due to a greater plasticity at the PDZ-
protease linker. Further, these observations corroborate with our fluorescence emission studies
with tryptophan at PDZ-protease linker, where 2 nm red shifted emission maxima was observed
for HtrA2(M190R) compared to wild type. Ty, for N-SPD and monomeric HtrA2(F16D) were
found to be ~65 °C highlighting the importance of PDZ and trimeric protease architecture in

HtrA2 stability. T, for SPD-PDZ and SPD could not be calculated because these proteins
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precipitated beyond 50 °C (data not shown). This suggests that N-terminal might also be very

important for rendering stability to the protease.
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Figure 4.1.5.Comparison of secondary and tertiary structural properties of HtrA2 and its
variants. A) Far UV CD of HtrA2 and its variants at 25 °C. B) Fluorescence emission spectra for
different HtrA2 constructs having W295 mutation with excitation at 295 nm and emission
between 310-400 nm. C) Fluorescence emission spectra of different HtrA2 having W48 mutation
with excitation at 295nm and emission between 310-400 nm. D) Thermal denaturation curves for
HtrA2 and its variants within the temperature range of 25 -100 °C
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4.1.2.2 Role of different domain coordination, critical residues involved and interdomain

dynamics in regulating substrate specificity and activity

4.1.2.2.1 Protease activity as a function of temperature

Previous studies showed that proteolytic activity of HtrA2 and its homologs increased with
temperature (11, 73). Moreover, literature suggests heat activation is associated with
considerable plasticity at the PDZ-protease interface similar to activation via substrate binding at
PDZ (11). Thus, we performed the quantitative analysis of protease activity of HtrA2 and its
variants as a function of temperature so as to understand how difference in activity correlates
with conformational changes and dynamic behaviour of HtrA2. Here, we monitored the activity
of HtrA2 over a wide range of temperature from 37 °C to 60 °C. Initial velocities (vo) were
calculated for HtrA2, HtrA2(F16D) and N-SPD domain using FITC B-casein as a substrate. For
HtrA2, vy increased about 5-fold between 37 °C and 55 °C (Figure 4.1.6) with a subsequent
decrease beyond 60 °C. The decrease might be due to protease unfolding as loss of secondary
structure was also observed through spectroscopic studies at higher temperature. The marked
increase might be consistent with its physiological role to serve as a quality control protein and
to maintain mitochondrial homeostasis.

Identical enzymatic studies were done with trimeric N-SPD (no PDZ inhibition) and
monomeric HtrA2(F16D) having intact PDZ domain. Increase in activity was observed in both
although the change was not significant (~1.7 and ~1.2 fold higher than that at 37 °C) as shown
in figure 4.1.6. Moreover, their maximum activity was found to be at ~50 °C which might be
due to decrease in stability of the proteins as observed by thermal denaturation studies. These
observations highlight the importance of PDZ-protease movement in increase of activity at

higher temperature. N-SPD, thus without any PDZ domain does not show enhanced activity with
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increase in temperature. However, the increase in protease activity that is observed in trimeric N-
SPD highlights the conformational changes that occur at the N-terminal region that might also be
required in concert with PDZ-protease crosstalk for HtrA2 activation. In monomeric
HtrA2(F16D), although the PDZ is intact, no significant change in enzyme activity was observed
suggesting the role of intermolecular PDZ-protease crosstalk in HtrA2 activation. Overall, these
data reiterate the importance of N-terminal domain, PDZ domain and trimeric architecture in

efficient HtrA2 activity.
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Figure 4.1.6. Initial velocities of HtrA2 and its mutants as a function of temperature using FITC
[-casein as substrate

4.1.2.2.2 Tryptophan accessibility by fluorescence quenching studies
Fluorescence quenching studies were performed with the two tryptophan mutants that were
introduced in different HtrA2 constructs to study their relative accessibility to the quencher

acrylamide at 30 °C. This information would reflect the conformational dynamics at the PDZ-
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protease interface and the region surrounding the active-site where these mutations are
strategically placed (Y295W and N48W respectively). Since activity of substrate bound HtrA2
mimics that of thermally activated form, fluorescence quenching studies were also performed
with acrylamide as a function of temperature. These studies would help to correlate the
conformational plasticity with protease activity. Acrylamide, a non-polar quencher molecule
quenches both the ‘exposed’ and ‘buried’ tryptophan residues primarily via collisional
mechanism (115). At 30 °C, the Stern Volmer constants (Ksy) for trimeric N48W mutants,
HtrA2 and N-SPD (3.2 and 3.6 respectively) were less than their monomeric counterparts
HtrA2(F16D) and SPD-PDZ (4.8 and 4.9 respectively) (Figure 4.1.7A and Table 4.1.3). This
might be probably due to the lesser accessibility of the tryptophans in the trimeric protein
architecture as the active-site is surrounded by other two HtrA2 monomers. Since W48 is near
the regulatory loops L1, and LD of the active-site, difference in loop orientations might be
responsible for change in Kgy constants which can be very well be correlated with fluorescence
emission studies as well as lesser protease activity of monomeric mutants compared to the
trimers.

The Ksy constants for HtrA2 in Y295W mutant is less compared to the different HtrA2
variants, HtrA2(M190R), HtrA2(F16D) and SPD-PDZ (4.4, 7.8, 6.5 and 6.2 respectively)
(Figure 4.1.7B and Table 4.1.4) suggesting W295 is less accessible to the quencher in the
wildtype which correlates very well with our fluorescence emission studies. Moreover, W295 is
introduced in such a way that its accessibility will not be influenced structurally by the presence
of other two monomers in trimeric HtrA2. In addition, it also faces the PDZ-protease interface
and is in the vicinity of the substrate binding pocket (YIGV). This is supposed to reflect the

environment surrounding the YIGV groove and monitor interdomain plasticity. Therefore, higher
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Ksy constants for the above-mentioned monomeric HtrA2 variants support our enzymology and

other spectroscopic data which demonstrate that PDZ from the same monomer does not collapse

on the protease domain rather it might have enhanced flexibility as a consequence of absence of

two other surrounding HtrA2 molecules. According to the existing HtrA2 model (10), M190R

mutation on HtrA2 disrupts the packing between the PDZ and protease domains resulting in

complete protease inactivation due to collapse of PDZ. With our enzymology, in silico and

spectroscopic data, we have proved that M190R mutation does not only make the enzyme highly

active but also has a more flexible and accessible active-site pocket. Higher accessibility for

acrylamide in monomeric HtrA2(F16D) and SPD-PDZ is indicative of intermolecular and not

intramolecular PDZ-protease interplay to be the key player in HtrA2 activation.
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Figure 4.1.7. Steady-state fluorescence quenching studies for tryptophan mutants of HtrA2
with Acrylamide. A) Stern—Volmer quenching plots of the W48 mutants at 30 °C. B) Stern—
Volmer quenching plots of W295 mutants at 30 °C. C) Plot of Ksy versus temperature for W48
mutants. D) Plot of Ksy versus temperature for W295 mutants of HtrA2

Steady-state fluorescence quenching studies with acrylamide was performed at temperatures
ranging between 30 °C and 65 °C so as to mimic the conformational changes that might occur in
an active bound protease. For all N48W mutants, both the trimeric proteins, HtrA2 and N-SPD
showed similar Ksy values at 30 °C. However, at higher temperatures, Ksy values for HtrA2
decreased gradually from 3.2 to 1.1 while for monomeric HtrA2(F16D) as well as trimeric N-
SPD, it remained unchanged (Figure 4.1.7C and Table 4.1.4). The decrease in quenching
constant for HtrA2 is indicative of rearrangement of L1 and LD loops upon activation leading to
burial of W48. No change in quenching constant for trimeric N-SPD negates the role of PDZ
domains in influencing W48 accessibility. In case of monomeric HtrA2(F16D), no change in
Ksy constants with increasing temperature provide two important insights into HtrA2
mechanism. First, trimeric architecture is required for formation of a catalytically competent
enzyme and second, PDZ domain might not play critical role in active-site rearrangement for the
same protease molecule. These observations, along with enzymology data revalidate our
hypothesis of interdomain PDZ-protease crosstalk in HtrA2 activation.

In HtrA2 variants with Y295W mutation, since the tryptophan resides near the YIGV
groove and PDZ-protease linker, change in Ksy values are expected to depict the conformational
dynamics at and surrounding the interface as a function of temperature. For HtrA2 and
HtrA2(M190R), increase in tryptophan exposure was observed (3.2 and 1.9 folds, respectively)
with temperature till 60 °C. This increase in Ksy values suggest that PDZ might be moving away

from serine protease domain and also exposing the YIGV groove, making the protease more
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accessible to the substrate thus increasing the protease activity. This is further supported by the
enzymatic studies where the activity was found to be maximum at ~55 °C (Figure 4.1.7D and
table 4.1.3). In HtrA2(M190R), initial red shift compared to wild-type is suggestive of a more
open YIGV groove and less compact PDZ-protease interface. Although the initial emission
maxima is higher than wildtype in HtrA2(F16D), there is only 1.3 fold increase in Ksy constant
with increase in temperature. This suggests that with increase in temperature, although the PDZ
does not fall on the protease in the monomer, it does not move significantly away from it either.
However, the slight red shift that is seen beyond 50 °C is indicative of increase in its activity at
higher temperatures as discussed earlier. All these observations point toward requirement of
trimeric architecture of the protease for structural plasticity as well as accentuate the role of

intermolecular PDZ-protease interaction in regulating HtrA2 activity.

Temperature K, Ky, K, K,
‘o) HtrA2(N48W) |HtrA2 (F16D,N48W) | SPD-PDZ(N48W) | N-SPD(N48W)
30 3.2+0.16 4.76+0.11 4.9 +0.11 3.40£0.17
37 2.7+0.12 4.71+0.13 _ 3.34+0.11
45 2.0+0.15 4.69+0.12 _ 3.35¢0.13
50 1.720.23 4.67+0.17 _ 4.10 +0.15
55 1.2+0.11 4.68+0.12 _ 4.20 0.16
60 1.1+0.08 4.62+0.25 _ 4.30 £0.11

Table 4.1.3. Stern-Volmer quenching constants (Ksy) for HtrA2 variants as a function of
temperature with W48 as the intrinsic fluorophore. Data (average of 3 independent experiments)
were fit to the Stern-Volmer equations as described in the materials and methods
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Temperature K, K, K, Ky,
(o) HtrA2(Y295W) | HtrA2(F16D,Y295W) SPD- HtrA2(M190R,Y295W)
PDZ(Y295W)
30 4.41+0.11 6.5+0.08 6.2 £0.07 7.8+0.08
37 4.90 +0.27 6.6+0.12 _ 8.1+0.19
45 6.13+0.32 6.7+0.14 _ 8.3+0.22
50 9.46+0.40 7.120.16 _ 10.120.30
55 10.84+0.43 8.5+0.23 _ 11.2+0.28
60 14.10 +0.23 9.1+0.27 _ 14.7+0.40

Table 4.1.4. Stern-Volmer quenching constants (Ksy) for HtrA2 variants as a function of
temperature with W295 as the intrinsic fluorophore. Data (average of 3 independent
experiments) were fit to the Stern-Volmer equations as described under materials and methods

4.1.2.2.3 Intramolecular PDZ-protease interaction by FRET

With an aim at looking at the distance between PDZ and protease domain quantitatively so as to
validate our hypothesis that intramolecular PDZ-protease collapse is not significant in HtrA2,
FRET studies were performed with wild-type HtrA2 as well as its monomeric and packing
mutants. Since, the donor and acceptor residues (tryptophan and IAEDANS-labelled cysteine
respectively) are present in the same protein molecule, energy transfer as a function of
temperature was studied. Structure-guided mutation F208C was done in the a4 of serine protease
domain on HtrA2(Y295W) template. The FRET pairs were chosen such that they face each other

and reside in the vicinity of the PDZ-protease linker region. This approach would provide a
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comparative analysis of not only the distance between PDZ and protease in these three different
HtrA constructs but will also help understand the dynamics of the interface as a function of
temperature. These FRET residues although face each other in the same monomer, are far away
from their pairs that are present in the adjoining molecules in the trimeric HtrA2 constructs and
hence their influence on FRET transfer has been expected to be minimal. The tryptophan
fluorescence and IAEDANS absorption spectra of all HtrA2 FRET mutants overlap facilitating
the energy transfer (Figure 4.1.8). The transfer efficiency ‘E’ and distance ‘R’ (A) were
calculated as described under Materials and Methods. Comparison of these two parameters for
the three proteins at 30 °C show that HtrA2(F208C, Y295W) has a shorter C208-W295 distance
compared to its M190R and F16D (Table 4.1.5) counterparts thus supporting our hypothesis.
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Figure 4.1.8. FRET studies representing intramolecular PDZ-protease distance. Fluorescence
emission of HtrA2 and its mutants labelled with IAEDANS. Fluorescence was excited at a
wavelength of 295 nm and spectra were collected between 310-575 nm

With increase in temperature, energy transfer efficiency for HtrA2(F208C,Y295W) and

HtrA2(M190R, F208C,Y295W) initially increased and calculated distances R between the
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acceptor and donor decreased from 30 °C to 50 °C (Figure 4.1.19A). Beyond 50 °C, energy
transfer efficiency decreased with a subsequent increase in calculated R values. This can be
explained by a model of PDZ movement where, as a function of temperature, the interface
movement occurs such that PDZ moves away from SPD in a V-shaped trajectory thus bringing
the two residues in vicinity to each other (Figure 4.1.9B). However, beyond 50 °C, the gap
between PDZ and protease domains increases which is reflected in increase in ‘R’ and
concomitant decrease in ‘E ‘values (Table 4.1.5). Consistent with fluorescence quenching
studies, HtrA2(F16D, F208C, Y295W) did not show much change in distance between the FRET

pairs with temperature.
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Figure 4.1.9. FRET studies representing dynamics at PDZ-protease interface. A) Calculated
distance between the W295 and IAEDANS for HtrA2 mutants as function of temperature. B)
Model showing the dynamics at SPD-PDZ interface as a function of temperature
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Temperature E R (A)
(°C)
HrA2  HtrA2(M190R) HirA2(F16D) | HirA2  HtrA2(M190R) HtrA2(F16D)

30 55.3 45.2 46.75 21.2 22.5 22.4
37 57.4 47.3 47.43 20.9 22.2 22.3
45 60.0 50.0 47.67 20.5 22.0 22.3
50 61.0 51.1 48.39 20.4 21.8 22.2
55 55.9 47.9 53.24 21.1 22.3 215
60 55.6 475 48.90 21.1 22.2 22.1

Table 4.1.5. FRET parameters between IAEDANS (acceptor) and W295 (donor) for
HtrA2(F208C,Y295W) and its variants as a function of temperature. ‘E’ is the transfer
efficiency, and ‘R’ is the distance between two probes. E and R values were calculated from the
equations as described in the methods section

4.1.3 Discussion
The goal of this study was to delineate the role of different domains, their combinations,
oligomerization and critical residues in modulating HtrA2 activity and specificity with an aim at
developing a model for HtrA2 mechanism of action. The importance of HtrA2 as a promising
therapeutic target is reflected in a plethora of studies on its structure and functions in the past
decade. This includes the crystal structure of inactive unbound form that provides a broad
overview of its structural organization (10). However, these studies could not define its mode of
activation which is a prerequisite for delineating its role in various biological pathways and
diseases. Thus, understanding the structural correlates of HtrA2 activation will be a step forward
toward designing molecules to manipulate its functions for devising therapeutic strategies (116,
117).

HtrA2 has a complex arrangement of L1, L2 and LD loops encompassing the active-site

pocket and a flexible linker at the PDZ-protease interface whose relative orientations and
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crosstalk with different domains might be essential for defining its functions. The crystal
structure of the inactive form of the protease (S173A) proposed a model where the relative
intramolecular PDZ-protease movement was considered the primary reason for regulation of
HtrA2 activity. However, a part of N-terminal region, PDZ-protease linker and several critical
loops were missing from the structure thus limiting its ability to demonstrate the dynamics of the
mechanism of action. According to the model, the PDZ domains upon substrate binding move
away from SPD making way for the substrate to access the catalytic pocket thus emphasizing
intramolecular PDZ-protease crosstalk to be pivotal in protease activation. The model also
hypothesized that in the monomeric HtrA2 variant, complete collapse of PDZ on protease leads
to its inactivity, which can be subsequently rescued through removal of PDZ domain. Role of the
short N-terminal region other than trimer formation was also not highlighted in the previous
model and hence is incapable of fully explaining the intricate collaboration among different
domains of HtrA2. Our data challenges this hypothesis and underlines the importance of PDZ,
N-terminal region and trimerization in proper active-site formation thus providing a
comprehensive illustration of mode of HtrA2 activation.

Here, with an apt combination of enzymology and biophysical studies, we have
demonstrated the complexity of conformational changes and dynamics that regulate HtrA2
functions. In this study, domain-wise dissection of HtrA2 has been done to delineate their roles
alone and in different combinations, including loops, crucial residues and flexible interface linker
in modulating HtrA2 functions. For example, deletion of PDZ domain resulted in a trimeric
HtrA2 variant without PDZ inhibition (both inter and intramolecular), whereas, monomeric SPD-

PDZ and HtrA2(F16D) constructs were created to highlight the importance of both N-terminal
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region and trimerization in protease activation. This unique approach clearly pinpointed the roles
of each of them toward formation of a catalytically competent HtrA2 molecule.

The 18-amino-acid-long N-terminal trimerization region in HtrA2 is unique among HtrAs, It
resembles Smac/DIABLO in its IAP binding ability and in promoting caspase-dependent
apoptosis (3, 4, 118). Apart from these functions, its significance in structure and stability of the
protease has not been characterized. Here, we show that N-terminal region plays an important
role in active-site rearrangement with stabilization of the enzyme-substrate complex.
Comparison of HtrA2(F16D) and SPD-PDZ establish the role of N-terminal region towards
rendering stability to the protease. The C-terminal PDZ domains in HtrAs perform myriads of
functions that include allosteric modulation, protein-protein interactions and higher order
oligomer formation (72, 119, 120). In HtrA2, it has been hypothesized that PDZ acts as a
substrate binding (via its YIGV tetrapaptide motif) as well as a regulatory domain (10, 11).
Relative orientation and movement between PDZ and protease domain was considered to be the
determining factor for HtrA2 activity as well as specificity. We have shown that the mechanism
of HtrA2 activation, although requires PDZ-protease crosstalk, is not straightforward and using
functional enzymology and quantitative biophysical approach, we re-examined and modified the
existing mechanism of HtrA2 activation (10, 11). Our data demonstrate that this activation
occurs in a complex, concerted manner involving movement in N-terminal region, trimerization
and intermolecular PDZ-protease crosstalk, which subsequently rearrange the active-site loops
and create a catalytically competent oxyanion hole.

Spectroscopic and enzymology studies as a function of temperature with different HtrA2
variants ascertain considerable rearrangement in and around loop L1 suggesting a malformed

oxyanion hole in the apo-protease. These experimental studies excellently corroborate with the
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recent literature report (71) where substrate binding leads to movement of a5 of PDZ* toward
SPD of adjacent monomer. This subtle rearrangement leads to flipping of F170, which is a part
of oxyanion hole, towards H65 of the catalytic triad thus making the protease poised for
catalysis. However, L2 that harbours the substrate specificity pocket shows minimal movement
further re-establishing our observations.

Interestingly, contrary to the previous literature report (10), HtrA2(M190R), a mutant that
was designed to study the packing and mobility of PDZ-protease interface has been found to
have significantly enhanced activity compared to the wild-type HtrA2. This might be due to the
less compact structural architecture with a more open and solvent accessible active-site as well as
greater plasticity at the PDZ-protease linker as observed by thermal denaturation and other
spectroscopic studies. Combination of these two factors might have synergistically led toward
efficient initial substrate binding as well as catalysis thus enhancing enzyme activity by several
folds. Moreover, a close look at the HtrA2 structure shows that mutating a methionine to a
bulkier arginine residue might lead to steric clash with leucine 233 which is perhaps prevented
by opening up of the active-site pocket. Moreover, this mutation that happens to occur next to a
lysine residue (K191) increases the local positive charge at the hydrophobic milieu of PDZ-
protease interface which in addition to the steric effect might open up the pocket even further
leading to enhanced substrate catalysis. However, additional mutational and structural studies are
required to confirm this hypothesis.

Based on all these observations and critical inferences, a comprehensive working model of
HtrA2 activation has been proposed as illustrated in Fig 4.1.10. In full length trimeric HtrA2,
initial substrate binding or increase in temperature leads to movement of PDZ* towards SPD of

the adjacent molecule. This intermolecular movement along with simultaneous N-terminal
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rearrangement leads to subtle reorganization of the active-site loops to form an active protease.
Interestingly, the intermolecular domain plasticity concomitantly facilitates intramolecular linker
movement thus indirectly aiding initial substrate binding and further protease activation. This
complex yet precise synergistic coordination among different domains of the protease might be

functionally important for selecting substrates under normal and diseased conditions.
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Figure 4.1.10. Proposed model representing mechanism of HtrA2 activation. A) In full-length
trimeric HtrA2, initial substrate binding or increase in temperature leads to movement of PDZ*
toward SPD of adjacent molecule. This intermolecular movement along with simultaneous N-
terminal rearrangement leads to subtle reorganization of the loops to form an active protease.
B) In trimeric N-SPD, substrate is easily accessible to the active-site, but lack of PDZ movement
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leads to significant reduction in activity. Presence of residual activity can be attributed to partial
active-site rearrangement and stabilization mediated by the N terminus. C) In the monomeric
HtrA2(F16D)variant, absence of intermolecular crosstalk and subsequent loop rearrangements
result in a malformed oxyanion hole, which significantly reduces the rate of catalysis. D)
Monomeric SPD-PDZ with malformed active-site is completely inactive and is less stable. E)
Monomeric SPD without N terminus and PDZ is completely inactive and is less stable.

Although, N-terminal mediated partial active-site reorientation and stabilization is novel among
HtrA family of proteases, PDZ domains do act as modulators in most of the cases (72, 121, 122).
For example, in bacterial DegS, which is a periplasmic stress sensor (72, 121, 122), inhibitory
interaction of PDZ with loop L3 of SPD in the unbound state keeps the protease in its basal form.
This inhibition is relieved by outer membrane protein (OMP) binding to PDZ that subsequently
leads to both cis and trans protease domain rearrangement so as to form an active DegS molecule
(123). Whereas, in HtrA2, we have established that very low basal activity in the apo-protease
might be due to presence of a catalytically incompetent active-site pocket which requires
intermolecular PDZ-protease interaction as well as additional N-terminal contacts and
stabilization for formation of a fully functional trimeric ensemble. In bacterial periplasmic space,
where certain amounts of unassembled OMPs are always present, stress response beyond a
threshold level can therefore be readily modulated by OMP-PDZ interaction (123). However, in
HtrA2, evolution might have provided an additional N-terminal regulatory switch for tighter
control of its activation which might be required only during triggering of apoptotic signal.
Thus, nature uses unique fusion of individual domains, loops and linkers that evolve into

polypeptides with distinct functional and regulatory properties.
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Chapter 4.2

To understand the interaction of HirA2 with antiapoptotic

binding partner cum substrate—Peal’
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4.2.1 Introduction
HtrA2 is involved in several critical biological functions such as protein quality control, unfolded
protein response (UPR), cell growth, apoptosis, arthritis, cancer and neurodegenerative disorder
(41-44). Under normal physiological conditions, it acts as regulator of mitochondrial homeostasis
where its protective function switches into proapoptotic behavior in response to stress-inducing
agents. HtrA2 mediates apoptosis through classical pathways via caspase activation by
displacing XIAP from caspases (3, 4). There is also evidence that interaction with IAPs is not the
only mechanism involved in HtrA2 induced cell death, as the propteolytic activity of HtrA2, is
sufficient to promote caspase independent cell death. HtrA2, via its protease activity degrades
several cellular substrates such as Peal5 (8), FLIP (7), Haxl (9). It also cleaves cytoskeletal
proteins such as Actin, vimentin, a- and B-tubulin (13). Moreover, Eukaryotic translation
initiation actor-4 gamma 1 (elF-4yl) and Elongation factor-1 alpha (EF-1a) (13) are also
substrates of HtrA2. Despite substantial evidence of involvement of HtrA2 in triggering
apoptosis, little is known about its mode of regulation, substrate recognition and specificity.
Although substrate unbound form of HtrA2 provided a broad overview of its structural
organization, however, it could not decipher the mechanism of action or its regulation which is a
prerequisite for understanding its role in various biological pathways and diseases. Thus
considering the biological relevance of HirA2, in chapter 4 of this thesis we demonstrated the
importance of intricate PDZ-protease domain coordination and conformational plasticity at PDZ-
protease interface in defining its functions. It was reported that several repertoire of proteins (for
e.g. GRIM 19, WARTS kinase and Presenilin) bind to the C-terminal PDZ domain of HtrA2 and
stimulate the protease activity to promote cell death (43). Interestingly, in addition to the

regulatory role played by PDZ domain, HtrA2 manifests an additional mode of regulation via its
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N-terminus by binding to and cleaving IAPs. This phenomenon apparently demonstrates
existence of multiple or complex mechanisms of HtrA2 activation and regulation involving PDZ
as well as other regions of the protein. A clear understanding of the molecular mechanism of
HtrA2 interaction with its binding partners or substrates will define ways of regulating its
functions. Therefore, we performed the comprehensive binding and enzymology studies with its
natural antiapoptotic substrate Peal5. These studies will help to delineate a unified model of
HtrA2 activation and lead toward designing activators for HtrA2 that could modulate its

functions with desired characteristics against diseases associated with it.

4.2.2 Results

4.2.2.1 HtrA2 protease domain preferably interacts with a-5 and a-6 helices of Peal5
Although it has been previously demonstrated that HtrA2 binds Peal5 to induce apoptosis (8) ,
the corresponding minimal binding region and critical residues involved in HtrA2 and Peal5 are
not known. Therefore, pull down studies were performed with MBP fused recombinant Peal5 as
bait and HtrA2 variants as prey. HtrA2 variants used for these studies were HtrA2 full length, N-
SPD (PDZ deleted variant) and PDZ domain (protease domain deleted variant) as shown in
figure 4.2A. Pull down experiments demonstrated that Peal5 interacts with the serine protease
domain and not the conventional PDZ domain of HtrA2. No pull down was detectable using
MBP control alone (Figure 5.2B).

Further to define the region responsible for the interaction in Peal5, we generated series of
deletion constructs as shown in figure 5.2A. We then compared the ability of HtrA2 to interact
with, Aa(1-3), Aa(1-4), Aa (1-5), Aa(5,6) and C-terminal (ADED) deletion constructs of pealbs.

The results showed that Aa(1-3), Aa(1-4), Aa(1-5) constructs interacted with HtrA2 with equal
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affinity as full length Peal5. However, no interaction was detected with C-terminal as well as
Ao(5,6) deletion constructs. This complete abrogation of interaction suggests HtrA2 protease
domain might preferably interact with the a-5 and a-6 helices of Peal5 DED domain.
Surprisingly, DED (AC-terminal) domain, which has a tendency to interact with several proteins
(124), showed very weak interaction with HtrA2. This highlights the importance of C-terminal

region in addition to DED in binding to HtrA2.
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Figure 4.2.1. Pull down assay with HtrA2 variants and Peal5 constructs. A) Schematic
representation of different peal5 deletion constructs used for HtrA2-Peal5 interaction studies.
B) MBP fused Peal5 lysate is used as bait and purified HtrA2 variants (HtrA2 wild type, N-SPD
and PDZ) are used as prey. 10 ug of recombinant MBP-Peal5 bound to amylase resin was
incubated with the recombinant 100 pg of HtrA2 for 12 hrs at 4 °C. The reaction was stopped
with Laemmli buffer at 100 °C and proteins were separated by SDS-PAGE followed by
coomassie blue staining. C) MBP fused Peal5 deletion and binding site mutants are used as bait
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and purified HtrA2 variants as prey. (ER2)A represents E64A, R71A, R83A and D2A represents
D93A, D96A

To pin point the critical residues involved in the interaction, we performed blind docking using
Cluspro software. Total 40 docked models based on electrostatic, hydrophobic, van de Waals +
electrostatic and balanced interactions (10 docked conformations for each type of interaction)
were generated. The structures based on the balanced type of interaction were studied, as it
included electrostatic, hydrophobic and electrostatic interactions which were preferred for
docking. Taking the clues from our pull down studies, we selected the best pose from balanced
type of interactions, where a-5 and a-6 helices of Peal5 showed interaction with protease
domain of HtrA2 (Figure 5.2.2A). Detailed list of interactions generated from the PDBsum (111)
provided in figure 5.2.2B. To further substantiate these docking results, several point mutations
E68A (0-5 helix), R71A (in the loop between o-5 and a-6 helix), R83A (a-6 helix) of DED and
D93A, D96A in C-terminal region of Peal5 were generated. We observed that substitution of
residues E68, R71, R83 in combinations completely abrogated the binding of Peal5 with HtrA2
suggesting these residues might be the potential participants in mediating interaction with HtrA2.
In addition to the residues in DED we also generated point mutations in C-terminal (D93A,
D96A) of Pealb. Substitution of residues D93A and D96A alone did not abolish the interaction
completely suggesting the involvement of DED as a primary docking site for HtirA2. However,
there was partial abrogation in interaction hinting that C-terminal is also required in conjunction
with DED for binding to HtrA2, thus strengthening our hypothesis.

Taken together, our study defines a bipartite mode of interaction between HtrA2 and

Peal5 where protease domain of HtrA2 might interact with both DED domain as well as C-
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terminal disordered region of Peal5 to suppress the ultimate outcome of the Peal5 antiapoptotic

signaling cascade in cytoplasm.
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Figure 4.2.2. Cluspro docking analysis of HtrA2 (receptor) and Peal5 (ligand). A) Critical
residues involved in interaction between HtrA2 and Peal5 are shown as sticks. Residues from
HtrA2 are shown as red and from Peal5 as blue colors. B) Detailed list of interactions
generated from PDBsum. Blue lines are hydrogen bond interactions, orange are non bonding
interaction

4.2.3 Cleavage of Peal’ is independent of HtrA2 PDZ domain

To address the role of different domains in regulating HtrA2 activity and specificity, protease
activity of HtrA2 and its variants was studied using Peal5 as a substrate. In all protease activity
studies, the mutant (S173A) was used as a negative control. It was observed that PDZ deleted
variant (N-SPD) showed rapid hydrolysis of Peal5 compared to wild-type HtrA2. To quantitate

the rate of hydrolysis, intensity of proteolytically degraded Peal5 band at 7 hr was analyzed
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relative to the uncleaved Peal5 using GelQuant.NET software. After 7 hr N-SPD cleaved 90%,
while HtrA2 cleaved 30% of the peal5. Further to understand the rate of protease activity, time-
based degradation of peal5 was monitored. N-SPD degraded 50% of the Peal5 in 3 hr while the
same is achieved in 10 hr in the case of the wild-type HtrA2 (Figure 4.2.3). Overall, these
results suggest that lower protease activity for HtrA2 wild-type might be due to inhibitory effect
of PDZ domain on its protease activity, probably through restriction of substrate accessibility to

the active-site.
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Figure 4.2.3. Time course protease assays with HtrA2 and Peal5. A) Peal5 was incubated with
A) N-SPD B) HtrA2 at 37 °C from 0-12 hrs. The reaction at each time point was stopped with
Laemmli buffer at 100 °C. Proteins were separated by Tris-Tricine SDS-PAGE followed by
coomassie blue staining. C) Percentage protease activity was calculated by quantifying the
intensity of residual Peal5 at each time point relative to the Peal5 incubated with N-SPD at 10
hrs
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Protease assays were also done with the different deletion constructs and binding site mutants of
Peal5 to validate our interaction studies. It was observed that HirA2 and N-SPD cleaved all

deletion mutants Ao(1-3), Aa(1-4), Aa(1-5) except C-terminal region and Ao(5,6) variants
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(Figure 4.2.4A and B). These results very well corroborate with the pull down studies where
Ao(5,6) and C-terminal region did not show any interaction with HtrA2. Moreover, HtrA2 and
N-SPD cleaved DED (AC-terminal region) with less competence compared to full length Pea 15.
This low rate of cleavage highlights the bipartite mode of interaction where, HtrA2 protease

domain interacts simultaneously with both DED and C-terminal for greater binding specificity

and affinity.
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Figure 4.2.4. Proteolytic activity of HtrA2 and its variants with Peal5 as a substrate.

A) Peal5 was incubated with full length HtrA2 and N-SPD at 37 °C for 7 hrs. Reaction samples
were resolved by 15% Tris-Triscine SDS-PAGE and visualized with Coomassie brilliant blue
staining. For protease assays with deletion constructs, MBP fused Peal5 proteins were used. B)
Semi quantitative analysis showing intensity of Peal5 remained at 7hr was calculated using

GelQuantNet software
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In addition Peal5 binding site mutants (E68A, R71A, R83A) did not show any proteolytic
degradation with HtrA2 and N-SPD probably due to their inability to interact with these proteins.
As anticipated, Peal5 C-terminal binding site mutants (D93A, D96A) showed 50% decrease in
its proteolytic degradation by HtrA2 and N-SPD when compared to the full length Peal5. This
decrease in proteolytic degradation validates our hypothesis that DED is the primary docking site

in mediating interaction with HtrA2.

4.2.5 Secondary and tertiary structural properties

Far UV CD studies were performed to understand the effect of deletions and mutations on Peal5
and HtrA2 secondary structure. All the MBP fused Peal5 deletion constructs except DED
showed decrease in their total a-helical characteristics due to the sequential deletion of helices
from full length protein (Figure 4.2.5A). Secondary structural properties of all HtrA2 and Peal5
constructs harbouring either binding site or cleavage site mutations are comparable to their wild-
type secondary structure suggesting these mutations are structurally not perturbing.

Fluorescence emission studies were performed for all the Peal5 variants with single tryptophan
(W45) on the a4 helix to understand the effect of these mutations on the overall protein tertiary
structure. All binding and cleavage site mutants showed similar emission maxima (~316 nm)
except Aa(5,6) which showed red-shifted emission maxima (by 11 nm) compared to wild-type
peal5 (Figure 4.5B). The observed red shift in emission maxima might be due to the deletion of
the two helices making the tryptophan more solvent exposed. This loss in the secondary structure
of Aua(5,6) of peal5 might be the reason for the abrogation in binding. However, the mutations

(E68A, R71A, R83A) on these helices did not affect the overall protein conformation.
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Figure 4.2.5. Secondary and tertiary structural analysis of Peal5 constructs. A) Far UV CD
structures of MBP-fused Peal5 deletion mutants. B) Far UV CD structures of Peal5 binding
and cleavage site mutants. C) Fluorescence emission studies of binding and cleavage site
mutants at 295nm excitation and 305-400 nm emission wavelengths

4.2.6 Mapping HtrAz2 cleavage sites on Peal5

Time course protease degradation of Peal5 was performed to determine the cleavage pattern and
also to map the cleavage sites on Peal5. From 0-7 hr incubation of peal5 with HtrA2 and N-SPD
two specific fragments ~8.5 kDa and ~6.5 kDa were observed, on further incubation this 8.5 kDa

fragment is degraded to 6.5 kDa. This suggests that Peal5, which is a ~17 kDa protein (including
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the C-terminal Hisg and vector back bone) is degraded into two 8.5 kDa bands. While one of
these bands is cleaved into 6.5 kDa fragment, and other 8.5 kDa band breaks down into very
short fragments to be detected by Tris-tricine SDS-PAGE.

These Peal5 fragments (~8.5 kDa and ~6.5 kDa) generated by HtrA2 proteolysis were
subjected to N-terminal sequencing by Edman degradation. Two preferred cleavage sites were
identified in a-5 and a-6 helices of Peal5 DED domain respectively as shown in figure 4.2.6A.
The preferred scissile peptide bond for the first cleavage site is between 163-E64 of -5 helix,
which corresponds to the ~8.5 kDa, fragment (residues 64-130 aa). The second cleavage site is
between V79-D80 of a-6 helix corresponding to the ~6.5 kDa fragment (residues 80-130 aa). It
should be noted that the cleavage on Peal5 might not limited to the two mapped sites because

other shorter peptides were barely detectable by coomassie blue staining.
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Figure 4.2.6. Representation of HtrA2 cleavage sites on Peal5. A) Ribbon diagram of the NMR
structure of Peal5 (PDB accession number 1N3K). Cleavage site residues are shown in spheres.
Ribbon diagram was generated using PyMOL. B) Schematic illustration of degradation pattern
of Peal5. C) Residues identified using the N-terminal sequencing is highlighted as red. Two
preferred scissile bonds are indicated as blue arrow

4.2.7 HtrA2 has broad specificity toward residues neighboring the peptide cleavage site

The substrate specificity of classical serine proteases is mainly defined by the residue positions at
carboxyl-terminal (P1’, P2’, P3’) and amino-terminal (P1, P2, P3) to the cleavage site which are
anchored by enzyme sub site residues (S3-S3’) in specificity pocket (125). Substrate specificity
of HtrA2 is limited to only two published reports, which showed the strong specificity profile at
the residue positions P1, P2, P1’ and P2' (11, 13). The first studies reported by Martin and co-
workers focused on the determination of the primary sequence specificity of HtrA2 protease
activity using combinatorial peptide library. The second report by Walle et al. who used a
proteomic approach to identify the optimal substrate cleavage site for HtrA2 protease. To
determine whether the specificity of the HtrA2 corresponds with the reported literature, we
performed a sequence analysis of the identified cleavage products (~8.5 kDa and ~6.5 kDa
fragments). The specificity profile for our N-terminal sequencing analysis is shown in table
4.2.1. The observed frequencies of amino acids in the P1 position indicated a strong preference
for aliphatic residues (V and I) which is in agreement with the previous reports. Our studies
demonstrated that P2 position prefers aromatic (Y) and aliphatic (V) while P3 position
accommodates small hydrophobic (S, M) residues. This corroborates well with the previous
published data. In contrast to the previous reports where A or S were selected at P1°, our N-
terminal sequencing analysis at P1’ displayed preference for acidic residues (D and E). The

major selectivity at P2’ is for aromatic (Y) and basic (H) residues which is in agreement with the
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previous report which showed preference for aliphatic residue at this position. The observed
discrepancy in cleavage site specificity between oligopeptide sequence and protein substrates
might be due to conformational constraint of a potentially susceptible sequence in proteins which

may be readily accommodated in substrate binding groove of protease.

Residue 8.5 kDa 6.5 kDa

P1 | V
P2 Y Y%
P3 S M
P4 L T
PI’ E D
P2’ H Y
P3’ | R
P4’ F T

Table 4.2.1. Specificity of HtrA2 using Peal5 as substrate

In order to map the other HtrA2 cleavage sites on Peal5, we mutated prime and non-prime
cleavage site residues (Figure 4.2.7). Since the previous reports suggested that specificity of
HtrA2 primarily depends on P1, P2, P1' and P2' we focused on mutating these residues in Peal5.
We expected substitution of these residues would block the cleavage at these respective sites and
hence generate longer fragments which could be detected on Tris-Tricine SDS-PAGE. The P1
substrate residue is the primary determinant of specificity for serine proteases. Interestingly,

although our N-terminal sequencing and previous reports displayed striking preference for
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aliphatic residues at the P1 position none of the previous groups have indicated preference for
polar and aromatic residues at this position. So we mutated P1 aliphatic residues (VV79) in Peal5
to acidic (V79D) and aromatic (V79F). Surprisingly, mutants V79D and VV79F had no affect on
rate of Peal5 degradation by HtrA2 and N-SPD. Moreover the mutant (\V79F) was cleaved much
faster compared to the wild-type Peal5. Thus our mutational analysis of P1 cleavage site
residues showed equal preference for D and stronger preference for F in addition to aliphatic
residues. As our sequencing analysis at P1’ displayed preference for acidic residues, we mutated
these residues to A (E64A, D80A), where previous reports suggested A is the most preferred
residue at this position. We expected a profound change in the Peal5 degradation by HtrA2
strikingly, A substitution did not have any effect on its degradation. The rate of cleavage of
theses mutants were similar to wild-type Peal5. The obtained specificity from our studies with
regards to the P2 (Y62, H65) and P2’ (Y78, V81), was mostly hydrophobic. Since none of the
previous reports showed selection for acidic residues at this position, we mutated these residues
to acidic (D). The observed rate of cleavage for these mutants was equal to wild-type Peal5
suggesting the equal preference for acidic (D) in addition to hydrophobic residue. Taken together
these results suggest HtrA2 has a broad specificity towards the residues in the vicinity of
cleavage site. The observed broad substrate specificity of HtrA2 might be due to the structural
rearrangement at the substrate specificity pocket to accommodate different type of amino acids
near the peptide cleavage site. This broad substrate specificity of HtrA2 might account for its
various biological functions in maintaining mitochondrial homeostasis, protein quality control
and apoptosis by degrading a variety of physiological substrates. However, the specificity of
HtrA2 in recognizing selective substrates might hint toward the involvement of additional

structural elements in the protein substrates that interact with the protease and influence its
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overall topological targeting and enzymatic activity. Further to gain an insight into the structural
determinants of HtrA2 substrate recognition and specificity a high resolution crystal structure of

HtrA2 in complex with protein substrate or oligopeptide is required.
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Figure 4.2.7. Cleavage site specificity profile of HtrA2 using Peal5 as a substrate. Values
represent the amount of substrate left after 7 hr of a given amino acid selected at positions
carboxyl-terminal (P1', P2') and amino-terminal (P1, P2,) to the HtrA2 cleavage site and are
normalized to an average value of one relative to uncleaved substrate
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4.2.3 Discussion

HtrA2 is a nuclear-encoded mitochondrial serine protease that performs several critical cellular
functions in a coordinated fashion. Although, HtrA2 has primarily been identified as an IAP-
binding proapoptotic protein, its other functions such as caspase-independent induction of
apoptosis and serine protease activity are poorly characterized.

Despite numerous reports on HtrA2 induced apoptosis, little is known about its mode of
regulation, and the mechanism of interaction with its substrates involved in mediating this
function. The available crystallographic data on mature substrate unbound form of HtrA2
provided a broad overview of its structural organization. However, these studies could not define
its mode of activation, which is a prerequisite for understanding its role in various biological
pathways and diseases. Thus, considering the biological relevance we previously (chapter 4.1)
elucidated the role of N-terminal region, oligomerization, and intermolecular PDZ-protease
interaction in proper active site formation and enzyme-substrate complex stabilization in HtrA2
enzymatic functions (126). Another study elucidated the activation mechanism of HtrA2 by
XIAP in a PDZ-independent yet synergistic activation mechanism via N-terminal region (11).
This phenomenon emphasizes multiple modes of HtrA2 activation and regulation, the precise
mechanism for which remains to be elucidated. Furthermore, delineating the basis and global
mode of HtrA2 activation might give rise to therapeutic possibilities in various

pathophysiological conditions such as cancer and neurodegenerative disorders.

To delineate the structural correlates of HtrA2 activation, substrate recognition and
specificity, comprehensive binding studies with its interacting partners is necessary. In the
present work we dissected the molecular mechanism of HtrA2 with its known antiapoptotic

substrate Peal5. Although previous studies have reported that stress induced activated HtrA2
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interacts with the cytosolic Peal5 and promotes its degradation which leads to cell death (8).
However, the interacting region, critical residues involved in interaction and substrate specificity
of HtrA2 are not known. It was well established in literature that PDZ domain of HtrA2 is
involved in interacting with different cellular proteins. Our interaction studies provide a
remarkable insight into the unique mechanism which involves previously unidentified region of
HtrA2 in interaction with Peal5. We identified that protease domain and not the conventional
PDZ domain of HtrA2 interacts with residues of a-5 and a-6 helices of Peal5 DED domain.
Moreover, our mutational analysis has shown that E86, R71, and R83 of Pea 15 are essential in
mediating the interaction with HtrA2. However, previously it was reported that Peal5 DED is
sufficient for the interaction with HtrA2, surprisingly, our deletion mutational analysis showed
C-terminal of Peal5 is also essential in mediating interaction with HtrA2. This complex bipartite
mode of interaction involving both DED and C-terminal region might require for enhancing the
affinity of individually weaker interactions and allows for greater binding specificity.
Enzymology studies with wild-type HtrA2 and its variant, N-SPD using substrate Peal5
delineated new regulatory mechanism of HtrA2. Interestingly, PDZ deleted variant (N-SPD)
showed rapid hydrolysis of Peal5 compared to wild-type HtrA2. The lower protease activity for
HtrA2 wild-type might be due to inhibitory effect of PDZ domain on its protease activity,
probably through restriction of substrate accessibility to the active-site. Based on our
observations, we hypothesize that in a cellular milieu, binding of proteins to PDZ domain of
HtrA2 might allosterically modulates the protease thereby increasing the overall catalytic
efficiency in a PDZ-dependent manner. Thus, upregulation in its protease activity in conjunction
with PDZ binding proteins might promote the non-classical ‘caspase-independent mechanism’

and hence cell death. In agreement with this hypothesis, it has been demonstrated that the

Results and Discussion (chapter 4.2) 126



proteolytic activity of the HtrA2 towards IAPs is enhanced several fold by protein-protein
interactions, mediated by the PDZ domain of HtrA2 and the C- terminal of WARTS Kinase
(127), presenilin-1 (128), GRIM-19 (129) and proliferation-associated gene product (Pag) (130).
This amplified proapoptotic property resulted in elevated rate of apoptosis in HelLa, human
adenocarcinoma, and kidney embryonic cells. Moreover, it has been observed that binding of
peptides to the PDZ domain of HtrA2 stimulates its protease activity in vitro (11, 130). To data,
Peal5 has been reported to be over-expressed in a number of different types of cancer, such as
gliomas, squamous carcinoma, breast, lung cancer, and B cells chronic lymphocytic leukemia
(131). Therefore, developing a strategy that modulates the proteolytic activity of HtrA2 towards
antiapoptotic Peal5 could be a promising tool in cancer treatment.

Our primary sequence specificity based on the N-terminal sequencing and mutational
analysis displayed a broad specificity for HtrA2 toward the residues in vicinity of cleavage site.
Although previous reports suggest HtrA2 has preference towards aliphatic residues at P1
position, our studies indicated that polar (D) and aromatic (F) residues are also equally preferred
at P1. In contrast to the literature for selectivity of A and S at P1', our results demonstrated
striking preference for acidic residues (E and D) at the P1'. Previous reports suggests that P2
prefers basic (R) and aliphatic (L) residues while, P2' position displays preference for aromatic
(F) residues (11). Interestingly, our data demonstrate that acidic residues (D) are also preferred at
P2 and P2' positions. This apparent discrepancy in cleavage site specificity between peptide and
protein substrates of HtrA2 is due to conformational constraint of a potentially susceptible
sequence in proteins. Moreover, Variations in the natural frequency of occurrence of amino acids
in endogenous proteins may be an additional parameter that may help explain the differences

between peptide and protein cleavage site specificities. It is likely that this specificity partly

Results and Discussion (chapter 4.2) 127



determines the choice of residues selected by HtrA2 within a target protein. However, the
selection of target proteins may also be dependent on which proteins are bound to the PDZ

domain or other regions of HtrA2, and thus brought into proximity with the active site region.
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Chapter 5

Conclusions and

Future perspectives
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5.1. Conclusions

Defective apoptosis or impaired apoptotic signaling is associated with development and
progression of cancer (14). Over the past few decades, significant advances have been made in
understanding the molecular mechanisms that regulate apoptosis and the mediators that trigger
cell death. Consequently, apoptosis induction in cancer cells has emerged as one of the great
hopes for the management of cancers (16, 22-27). Currently, strategies to trigger caspase
activation are at the forefront of apoptosis-based drug development (28, 29). However, the
complexity of cancer biology draws interest in search of new molecules that can potentially
modulate the apoptotic signaling pathway. The findings that serine protease HtrA2 mediates
caspase-dependent and independent cell death open new avenues in apoptosis and cancer
research. Here, with a goal to understand the HtrA2 mechanism of action or its regulation, which
is a prerequisite for understanding its role in various biological pathways, we characterized the
structural and functional properties of HtrA2.

In the present study, using inter-disciplinary approaches such as in silico, enzymology and
biophysical studies, we have demonstrated the complexity of conformational changes and
dynamics that regulate HtrA2 functions. Here, we have done domain-wise dissection of HtrA2 to
delineate their roles alone and in different combinations, including loops, crucial residues and
flexible interface linker in modulating HtrA2 functions. This unique approach clearly pinpointed
the role of trimerisation, N-terminal region and intermolecular PDZ-protease dynamics in a
precise coordinated fashion toward formation of a catalytically competent HtrA2 molecule.
These findings establish the role of PDZ domain in not only interface dynamics and initial

substrate binding but also in intermolecular contacts in the trimeric protease architecture leading
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to efficient substrate catalysis. This complex synergistic mechanism of action might be important
for regulation of its biological functions.
We also provided the first comprehensive binding analysis of HtrA2-Peal5 interaction.
Our binding studies demonstrated that serine protease domain of HtrA2 interacts with both DED
domain as well as C-terminal disordered region of Peal5 in bipartite binding mode. We believe
that this bipartite binding mode might be required for greater binding affinity and specificity to
suppress the ultimate outcome of the Peal5 antiapoptotic signaling cascade in cytoplasm.
Enzymology studies with Peal5 suggest that allosteric activation of HtrA2 might be required by
adaptor proteins in the cell to relieve the inhibitory effect of PDZ domain. We speculate that
HtrA2 by virtue of its ability to cleave different cellular substrates might have developed an
intrinsic allosteric mechanism for precise control of its protease activity. Furthermore, our
substrate specificity studies with Peal5 highlight that HtrA2 has broad substrate specificity
toward the residues in the vicinity of the cleavage site. We hypothesize that this broad specificity
might account for its diverse physiological functions in cells by cleaving several substrates.
Proteolytic activity of HtrA2 was shown to be critical in inducing apoptosis in prostate and
ovarian cancer cells in presence of stress inducing agents (79). These studies show the possibility
of targeting HtrA2 in cancer therapy. Our advancement in understanding toward HtrA2
mechanism of action will help in developing tailored allosteric effectors that enhances the
proteolytic activity of HtrA2 towards its substrates. This could be a promising tool in cancer
treatment in combination with other chemotherapeutic agents such as cisplatin and paclitaxel

(132).
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5.2 Future perspective

Although our observations redefine the existing activation model and provide new insights into
HtrA2 structure, function, and dynamics, several intricate questions still remain unanswered.
Despite the structural similarity between DegS, HtrAl and HtrA2, there are striking mechanistic
differences both in protein dynamics as well as PDZ-protease interactions. Literature suggests in
bacterial Deg$S, ligand binding to PDZ leads to both cis and trans protease domain rearrangement
so as to form an active DegS molecule. Our studies so far suggest role of trans PDZ-protease
crosstalk (intermolecular) to play primary role in allosteric activation of HtrA2. Interestingly,
HtrAl is regulated by a conformational selection and does not depend on allosteric ligands as
seen in HtrA2. Moreover, it has also been observed that HtrA2 can be activated through its N-
terminal tetrapeptide (AVPS) motif. Therefore, to understand the allosteric mechanism of HtrA2
in molecular detail, it becomes necessary to dissect the trimeric protease structure so as to
delineate the roles of individual PDZ domains, the N-terminal region and conserved critical
amino acids mediating allosteric propagation of HtrA2. Identification of the control switch
regulating the protease activity will provide intricate details of its association with myriads of
cellular substrates and their mechanism of cleavage. Furthermore, it will provide an idea of how
HtrA2 might be activated in vivo in presence of different stimuli.

HtrA2-Peal5 binding studies suggest that HtrA2 requires Peal5 DED for interaction.
Indeed, a truncated protein, lacking the entire DED, does not interact with HtrA2. It would be
interesting to look into the interaction of HtrA2 with other DED containing proteins. This
interaction studies will indicate the specificity of HtrA2 toward Peal5. Furthermore, it would be

important to address how the relative endogenous expression levels of HtrA2 and Peal5 regulate

Conclusions and Future perspectives 132



apoptosis in tumor cell. This complex interplay between these proteins might provide a crucial
role in cellular fate determination.

HtrA2 has a broad specificity toward the residues in the vicinity of cleavage site. A high
resolution crystal structure of HtrA2 in complex with protein substrate or oligopeptide will
provide an insight into the structural determinants of HtrA2 substrate specificity. Moreover,
knowledge of HtrA2 substrate specificity might provide a clue for identification of new

substrates.
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Intricate structural coordination and domain plasticity
regulate activity of serine protease HtrA2
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ABSTRACT HtrA2, a complex trimeric pyramidal
mitochondrial serine protease that regulates critical
biological functions and diseases, including apopto-
sis and cancer, is a promising therapeutic target. It
promotes apoptosis through multiple pathways, com-
plex mechanisms of which are still elusive. The
existing model of activation that emphasizes relative
intramolecular movements between C-terminal PDZ
and protease domains (PDZ-protease collapse in
inactive and resting states) has not been able to
unambiguously demonstrate dynamics of its actions.
Using structure-guided design, molecular biology
and protein biochemistry, we obtained various com-
binations of HtrA2 domains and mutants. Conforma-
tional changes and stability were characterized using
molecular dynamics simulation and spectroscopic
tools while functional enzymology delineated their
roles in regulating enzyme catalysis. Quantitative
Forster resonance energy transfer showed lesser in-
tramolecular PDZ-protease distance in trimeric
HtrA2 compared to its inactive monomeric counter-
part (~21 and ~22.3 A, respectively, at 37°C). Our
findings highlight importance of N-terminal region,
oligomerization, and intricate intermolecular PDZ-
protease interaction in proper active-site formation,
enzyme-substrate complex stabilization, and hence
HtrA2 functions. These observations redefine the
existing activation model and showcase a unique
example of how precise interdomain coordination,
plasticity, and intermolecular contacts lead to dis-
tinct functional properties and hence provide new
insights into HtrA2 structure, function, and dynam-
ics.—Chaganti, L. K., Kuppili, R. R., Bose, K. Intri-
cate structural coordination and domain plasticity
regulate activity of serine protease HtrA2. FASEB J.
27, 3054-3066 (2013). www.fasebj.org

Abbreviations: ADH, alcohol dehydrogenase; FITC, fluores-
cein isothiocyanate; FRET, Forster resonance energy transfer;
HtrA2, high-temperature requirement protease A2; IAEDANS,
5-((((2-iodoacetyl) amino) ethyl) amino) naphthalene-1-
sulfonic acid; IAP, inhibitor of apoptosis; MBP, maltose
binding protein; MDS, molecular dynamics simulation;
N-SPD, N terminus and serine protease domain; OMP,
outer membrane protein; PDZ, post-synaptic density pro-
tein (PSD95), Drosophila disc large tumor suppressor
(DIgl), and zonula occludens-1 protein (zo-1); PE, poten-
tial energy; SPD, serine protease domain
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Key Words: PDZ - serine protease domain * dynamics

HIGH-TEMPERATURE REQUIREMENT PROTFASE A2 (HtrA2), a
unique mitochondrial proapoptotic protein, belongs
to a large family of serine proteases (S1, chymotryp-
sin family) that are conserved from prokaryotes to
humans. HtrA proteins are known for their complex
structural organization, which is reflected in their
multitasking ability and involvement in several criti-
cal biological functions, as well as pathogenicity, such
as protein quality control, unfolded protein re-
sponse, cell growth, apoptosis, arthritis, cancer, and
metabolism of amyloid precursor proteins (1-4).
Interestingly, despite diversity in functions and low
sequence identity, their overall structural integrity is
evolutionarily maintained, which comprises a serine
protease domain and one or more C-terminal PDZ
[postsynaptic density protein (PSD95), Drosophila
disc large tumor suppressor (Dlgl), and zonula
occludens-1 protein (zo-1)] or protein-protein inter-
action domains (5) arranged in a complex pyramidal
oligomeric assembly ranging from trimeric to 24-
meric architecture (6-8). While bacterial DegP is the
most elaborately studied protein that has dual tempera-
ture-dependent chaperone-protease activity (9), not
much information is available on human HtrAs except for
HtrA2 and HtrAl (10, 11). Although HtrAs share an
overall common polypeptide fold with an active site
containing a catalytic triad, oxyanion hole, and substrate-
specificity pocket, subtle conformational variations pro-
vide the basis for their specificity and functional diversity
(12). For example, the N-terminal tetrapeptide AVPS is
unique in mature HtrA2 (10, 13) which makes it the only
inhibitor of apoptosis (IAP) binding protein in the hu-
man homologues. Apart from deactivating IAPs, complex
structural organization and domain plasticity in HtrA2 has
enabled it to promote apoptosis through various caspase-
mediated and independent pathways (14) wvia its serine
protease activity, the complex mechanisms of which are
still elusive. Thus, understanding the structural basis of
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HtrA2 activation and specificity requires intricate dissec-
tion of its domains and deciphering the underlying dy-
namics that regulate its functions.

Crystallographic data (15) on the mature unbound
form of HtrA2 provide a broad overview of overall
structural organization of the inactive protease. Mature
HtrA2 with 7 a-helices and 19 B-sheets forms well-
defined domains. The trimeric protease has a pyrami-
dal architecture with the short N-terminal region
holding the oligomer together through extensive inter-
molecular hydrophobic and Van der Waals interactions
involving 3 aromatic residues (Y14, F16, and F123). The
core serine protease domains (SPDs) are surrounded
by C-terminal PDZ domains, which, along with the
trimeric architecture, restrict entry of the substrates to
the active site, leading to a low basal activity. PDZ is
attached covalently to the SPD through a flexible
interface linker sequence (residues 211-226), and it
has been believed that the PDZ-protease dynamics and
their relative orientation modulate HtrA2 activity and
hence functions. These observations led to develop-
ment of an activation model that highlights the role of
PDZ in substrate binding and subsequent protease
activation (15). The model states that on subs-
trate binding, PDZ that otherwise falls on the pro-
tease domain opens up, allowing the substrate to
enter the binding pocket, whereas in the monomeric
mutant of HtrA2, PDZ completely collapses on SPD,
restricting substrate entry to the active site, thus
rendering it inactive. Although the model provides a
basic understanding of HtrA2 activation, it could
neither satisfactorily define the roles of trimerization
and N-terminal domain in HtrA2 functions nor deci-
pher the dynamics of PDZ-protease crosstalk, as
electron density for both the linker and part of
N-terminal is unavailable in the structural data. Un-
like other HtrAs, the substrate binding YIGV (GLGF
motif) groove of the PDZ domain is buried deep
within the protein interior and is blocked by Pro225
and Val226 of SPD in the closed protease conforma-
tion (15, 16). Therefore, either initial binding at the
YIGV pocket would demand an extremely stringent
structural signature, such as partial substrate unfold-
ing, or there might be an alternative mechanism.
With a closer look at different biological roles of
HtrA2, its wide substrate specificity, and putative
binding sites on its known available substrates, the
former possibility seems unlikely (17). Alternatively,
we have shown earlier that activation of HtrA2 occurs
allosterically, where the signal is relayed via a distal
noncanonical substrate binding site with subsequent
opening up of the YIGV pocket (18).

Here, with an aim at understanding the subtle
structural reorganizations and intrinsic conforma-
tional dynamics that lead to HtrA2 activation, we
dissected its various domains to decipher their roles
individually as well as in combination in mediating
HtrA2 specificity and functions. Our studies high-
light the importance of N-terminal domain, oli-
gomerization, and intricate intermolecular PDZ-pro-

INTERDOMAIN CROSSTALK MEDIATES HTRA2 ACTIVATION

tease interaction in proper active-site formation,
stabilization of the enzyme-substrate complex, and
hence HtrA2 functions. It establishes the role of the
PDZ domain in not only interface dynamics and
initial substrate binding but also in intermolecular
contacts in the trimeric protease architecture leading
to efficient substrate catalysis.

MATERIALS AND METHODS

Plasmid construction

Clone of mature HtrA2 construct (A133) comprising residues
134-458 in bacterial expression vector (pET-20b) with a
C-terminal hisg tag was obtained from Addgene (Cambridge,
MA, USA). Different HtrA2 domains were subcloned between
Nde-1 and Xho-1 restriction sites of pET-20b vector. Primers
used for SPD were 5'-CATatgGatgtggtggagaagac-3' and 5'-
CTCGAGAAACTCTCGAAGACG-3', and for SPD + PDZ do-
main (SPD-PDZ) were 5'-CATATGGATGTGGTGGAGAC-3'
and 5’-CTCGAGCTCaggggtcac-3’. N terminus and SPD (N-
SPD) was cloned between Nde-1 and EcoRI site of pMAL-c5E
vector (New England Biolabs, Ipswich, USA); primers used
were 5'-CATATGGCCGTCCCTAGCCCG-3" and 5-GAATTCT-
CAAACTCTCGAAG-3'. Several mutants of HtrA2 were gener-
ated using site-directed mutagenesis (Stratagene, Cedar Creek,
TX, USA). The forward primers for the mutants Y295W,
N48W, F16D, MI190R, F208C, and S173A, respectively, are
5'-GAAGATGTTTGGGAAGCTGTTCG-3’, 5'-CCTATCT-
CGTGGGGCTCAGGATTC-3', 5'-GTCAGTACAACGAC-
ATCGCAGATGTG-3', 5-GAACACCAGGAAGGTCACAGC-3',
5-TCTTCGAGAGTGTCTGCATCGTG-3', and 5-CAGCTATT-
GATTTTGGAAACTCT-3'. For all these mutants, the reverse
primer was the complementary sequence. All HtrA2 variants were
confirmed by sequencing.

Protein purification

E. coliBL21 (DE3)pLysS cells transformed with expression
plasmids and HtrA2 variants were purified as described
previously (18). Briefly, proteins with a C-terminal hisg tag in
the pET-20b vector were purified by affinity chromatography
using Ni-IDA columns, while N-SPD with N-terminal maltose
binding protein (MBP) fusion tag was purified using amylose
resin. All purified proteins were >95% pure, as estimated by
SDS-PAGE.

Size-exclusion chromatography

Molecular mass of HtrA2 variants was estimated by size-
exclusion chromatography. Aliquots (1 ml) of samples were
run on a Superdex 200 10/300 HR column (GE Healthcare,
Uppsala, Sweden) preequilibrated with buffer composed of
20 mM Na,HPO,/NaH,PO, and 100 mM NaCl, pH 8 (buffer
SP). Proteins were eluted with the same buffer at a flow rate
of 0.5 ml/min. The standards used for calibration were
alcohol dehydrogenase (ADH), bovine serum albumen
(BSA), lysozyme, and MBP. All standards except for MBP,
which was laboratory purified, were purchased from Sigma
(St. Louis, MO, USA). Elution volume (V) /void volume (V)
vs. log of molecular masses of standards was plotted to
generate the calibration curve from which molecular masses
of HtrA2 variants were calculated.
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Enzyme activity assay

Protease activity of different HtrA2 constructs was determined
using substrate (-casein (Sigma). For each 30-pl reaction
mixture, 2 pg of respective protein was incubated with 6 pg of
B-casein in buffer SP at 37°C for 2.5 h, and results were
analyzed by SDS-PAGE. For all quantitative studies, fluores-
cein isothiocyanate (FITC) B-casein (Sigma) was used, and
assays were performed as described previously (18). Protease
activity was also determined over a temperature range 30—
65°C with 5°C intervals. For each 200 pl of reaction mixture,
0.5 pM protein was incubated with 0.6 wM of FITC B-casein
substrate in buffer SP. Enzyme was preincubated at each
respective temperature for 15 min, and proteolytic cleavage
was monitored using a Fluorolog-3 spectrofluorometer
(Horiba Scientific, Edison, NJ, USA) with excitation at 485
nm followed by 535 nm emission. Initial velocities were
calculated at each respective temperature using linear regres-
sion analysis.

Molecular dynamics simulation (MDS)

M190R mutation was performed on HtrA2 structure [Protein
Data Bank (PDB) ID: 1LCY; ref. 15] using the Build Mutants
protocol of Discovery Studio 2.5 (Accelrys, San Diego, CA,
USA). This mutant structure was optimized and minimized
using CHARMM (19) force field and steepest method in Dis-
covery Studio 2.5 (20). Minimized HtrA2 and HtrA2(M190R)
mutant structures were subjected to 3 ns MDS using the
GROMACS 4.5.1 package (21), and the coordinates were saved
for every 2-ps time interval. In MD quality analysis, potential
energy (PE) of the protein and total energy of the entire system
were calculated. The energy minimum structure was obtained
from the root mean square deviation (RMSD) plot. The lowest
PE conformations were then used for comparative structural
analysis of HtrA2 and HtrA2 (M190R). To further understand
the intricacy, relative movement of residues F170 of the oxyan-
ion hole and H65 of the catalytic triad was also plotted across the
timescale of trajectory for HtrA2 (M190R) using Xmgrace (21).
All the ribbon models were generated using PyYMOL (Delano
Scientific, Palo Alto, CA, USA).

Fluorescence emission and far-UV CD spectroscopy

Fluorescence emission was measured with protein solutions
(2 pM) in buffer SP with 295-nm excitation followed by
emission between 310 and 400 nm. Far-UV CD data were
collected between 190 and 250 nm with 10 pM protein
solutions in buffer SP in a Jasco J-815 spectropolarimeter
(Jasco, Easton, MD, USA). For thermal denaturation studies,
far-UV CD experiments were performed between 25 and
100°C at 2°C intervals. The mean residue ellipticity was
calculated as described previously (22).

Fluorescence quenching

Fluorescence quenching experiments were performed be-
tween 30 and 65°C at 5°C intervals using 5 M acrylamide as an
external quencher over a concentration range of 0-500 mM.
Protein was preincubated for 15 min at each respective
temperature, and fluorescence emission scans were taken
after addition of quencher with excitation at 295 nm. The
values of fluorescence were corrected for dilution effects,
residual emission, and Raman scattering (23), and data were
then analyzed using the Stern-Volmer relationship (Eq. 1):

Fy/F=1+ Kyl Q] (1)

For a graph with upward curvature, a modified Stern-Volmer
relationship (Eq. 2) was used:
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Fy/F=1+ Kp[Qlexp([Q] VN/1000) (2)

where I, and Fare fluorescence intensity in the absence and
presence of quencher, respectively; [Q] is concentration of
quencher (molar); Ky is the Stern-Volmer quenching con-
stant; K, is the dynamic quenching constant; Vis volume of
the sphere; and Nis Avogadro’s number.

Forster resonance energy transfer (FRET) studies

For FRET studies, single tryptophan (Y295W) and cysteine
mutants (F208C) were used. To 50 uM protein solutions in
buffer SP, 5-fold molar excess of 5-((((2-iodoacetyl) amino)
ethyl) amino) naphthalene-1-sulfonic acid (IAEDANS; Sigma)
was added and incubated in dark for 16 h at 4°C. To remove
unbound label, protein was passed through an Ni-IDA affinity
column and eluted using imidazole. Labeling efficiency was
assessed as described previously (24). Fluorescence emission was
measured over a temperature range of 30—65°C at 5°C intervals.
Then 2 wM protein was excited at 295 nm, and emission was
measured over a wavelength range 310-575 nm. Fluores-
cence resonance energy transfer efficiency was calculated
using Eq. 3 (25):

E=1=Fpy— Ip(1 = Fy)/Fpfy 3

where Eis the calculated efficiency; fy,, and Iy, are emission
of donor (tryptophan) in the presence and absence of
acceptor (IAEDANS), respectively, and f, is fractional occu-
pancy of the acceptor site. Donor-acceptor (D-A) separation
was obtained using Eq. 4:

R=(E' = 1)"R, (4)

where R is the D-A separation, and R, is the Forster critical
distance. The value for R, was taken as 22 A (26).

RESULTS

Different HtrA2 domains and variants

Different mutants and variants of HtrA2 were gener-
ated to understand the role of critical residues and
contributions from different domain combinations in
maintaining its overall structural integrity and func-
tions (Fig. 1A4). It was reported in the literature (15)
that N-terminal aromatic residues are crucial for main-
taining its trimeric architecture through intermolecu-
lar Van der Waals interactions. One such residue (F16)
when mutated to aspartate was found to disrupt these
interactions and render the protein monomeric (15).
We made the same mutation for our studies to under-
stand the role of trimerization in HtrA2 structure and
function. At the same time, this mutant, along with the
N-terminal deleted SPD-PDZ variant, was thought to be
helpful in understanding the contribution of N-termi-
nal region in structure, stability, and active site forma-
tion. Similarly, a trimeric N-SPD variant was also gener-
ated that was expected to retain its oligomeric property
(intact N-terminal trimerization domain) but with no PDZ
interference. M190R mutation at the PDZ-protease inter-
face has been implicated as having a detrimental effect on
PDZ plasticity due to negative intersubunit packing (15)
and was created to demonstrate its role in relative PDZ-
protease orientation and interdomain contacts, and its
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Figure 1. Representation of different domains and mutants of HtrA2. A) Schematic representations of different HtrA2
constructs generated for the present study. Light gray boxes indicate protease domain (19-210 residues); dark gray boxes
indicate PDZ domain (226-325 residues); solid lines indicate N-terminal region (1-18 residues) and linker region (211-225
residues); triangles indicate positions of mutations on the respective domains. B) Ribbon diagram of the crystal structure of
HtrA2 (PDB accession number 1LCY). Amino acid substitutions in HtrA2 protease and PDZ domains are shown in stick models.

Ribbon diagram was generated using PyMOL.

subsequent effect on HtrA2 activity. A monomeric version
of N-SPD, N-SPD (F16D), was generated to understand the
importance of the N terminus in HtrA2 structure and
stability. This protein, on comparison with N-SPD, mature
HtrA2, SPD-PDZ, and HtrA2(F16D), would highlight the
importance of PDZ in the trimeric HtrA2 structure and
the role of interdomain interaction if any. SPD was cloned
and purified separately to understand the roles of the
N-terminal region and PDZ domain in proper active site
formation, protein stability, and maintenance of struc-
tural integrity. The experiment would also demonstrate
whether PDZ inhibition might be the sole reason for
HitrA2 inactivation.

Since HtrA2 is devoid of tryptophans, single-trypto-
phan mutants were strategically generated in the SPD
and PDZ domain (N48W and Y295W, respectively) so as
to understand and compare the environments sur-
rounding the active site and PDZ-protease interface
spectroscopically (Fig. 1B). N48W was introduced on
the B2 strand of SPD, in the vicinity of the L1 and LD
regulatory loops in the active site region. This trypto-
phan was found to be in proximity to F170 of SPD,
which is an important component of an oxyanion hole.
The position of W48 was chosen in such a way that it
reflected the environment of the active site and its
surrounding regulatory loops. This tryptophan mutant
was thus expected to delineate subtle conformational
changes near the active site region and interdomain
crosstalk during HtrA2 activation. Y295W was intro-
duced on a7 of PDZ at the interface between SPD and
the PDZ domain such that this tryptophan faces SPD of
the same monomer and is very close to the canonical
peptide binding (YIGV) groove. It is also in the vicinity
of the intersubunit linker and is positioned in such a
way that PDZ movement away from SPD would expose
the tryptophan, leading to red-shifted emission max-
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ima. Thus, these tryptophans would aid in understand-
ing the conformational changes at the active-site and
PDZ-protease interface. A cysteine mutation was intro-
duced at SPD, HtrA2(F208C) (Fig. 1B), to examine the
distance between PDZ and protease domains by pairing
with W295 residue using FRET studies.

Role of N-terminal region in oligomerization

Molecular masses of HtrA2 variants were estimated by
gel filtration chromatography to understand the role of
the N-terminal region, mainly F16, in maintaining its
trimeric architecture. The predicted molecular masses
of the proteins are shown in Table 1, which demon-
strates that HtrA2 (wild type), 2 tryptophan mutants of

TABLE 1. Oligomeric properties of different HirA2 constructs

Theoretical Calculated
molecular molecular
Protein mass (kDa) V./V, mass (kDa)
ADH 141 2.04
BSA 66 2.53
MBP 43 2.63
Lysozyme 14.4 3.22
HtrA2(F16D) 36.2 2.73 37.10
N-SPD 70.3 2.40 73.62
SPD-PDZ 34.2 2.72 36.90
N-SPD (F16D) 23 2.81 24.1
HtrA2 wild type 109.6 2.20 108.8
HtrA2 (N48W) 109.6 2.20 108.8
HtrA2(Y295W) 109.6 2.20 108.8

Molecular masses of HtrA2 and its variants were calculated from
calibration curves generated using different standard protein mole-
cules (ADH, BSA, MBP, and lysozyme) as described in Materials and
Methods.
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Figure 2. Comparison of proteolytic activities of HtrA2 and
its variants. A) B-Casein cleavage assay for HtrA2 and its
variants. B-Casein was incubated with the respective protein
at 37°C, and reaction samples were resolved by 12% SDS-
PAGE and visualized by staining with Coomassie brilliant
blue. B) Initial velocity V,, of HtrA2 and its variants calcu-
lated using FITC B-casein as substrate. Error bars = st from
3 independent experiments (n=3). C) Plot representing
relative activity of wild-type HtrA2 and HtrA2(M190R) with
FITC labeled B-casein as the substrate. D) Structural super-

position of wild-type HtrA2 (light gray) and HurA2(M190R) (dark gray) after MD simulations shows F170 moves closer to
H65 of the catalytic triad in the latter. E) Graphical representation of the distance between residues F170 and H65 for the
3-ns MDS trajectory on HtrA2(M190R). Graph shows movement of the residues toward each other along the trajectory.

HtrA2 (Y295W and N48W), and N-SPD are trimers with
intact N-terminal regions. HtrA2(F16D) and SPD-PDZ
represent monomers, reiterating the importance of
N-terminal F16 in homotrimerization, as suggested by
the literature (15, 27).

Role of oligomerization and different domains in
protease activity

Protease activity of HtrA2, its variants and mutants was
studied to understand the role of different domains
and critical residues in regulating HtrA2 activity and
specificity using a generic serine protease substrate,
B-casein, in both gel and fluorescence-based assays.
These studies have been designed to reflect protease
activity as a consequence of conformational changes
due to initial substrate (here B-casein) binding at the
PDZ domain. In all protease activity studies, the active
site. mutant, HtrA2(S173A), was used as a negative
control. It was observed that HtrA2, N-SPD, and HtrA2
(M190R) cleaved p-casein, but monomeric HtrA2
(F16D) showed much less B-casein cleavage, and other
monomeric variants, SPD and SPD-PDZ variants without
an N-terminal region, did not show any protease activity
(Fig. 2A), highlighting the importance of trimerization
and the N-terminal region in HtrA2 activity. For more

quantitative analysis, enzyme kinetics was studied fluoro-
metrically with FITClabeled -casein as a substrate, and
Vy was calculated. Monomeric mutants and variants, such
as HtrA2(F16D), SPD, N-SPD(F16D), and SPD-PDZ,
showed much less activity compared to wild type (Fig. 2B).
Tryptophan mutants, HtrA2(Y295W) and HtrA2(N48W),
have enzyme activity comparable to the wild type, suggest-
ing that the mutations did not affect the active conforma-
tion of the protease. Interestingly, contrary to the existing
literature report (15), SPD was found to be completely
inactive, while HtrA2(M190R) was enzymatically more
active than the wild type, although this mutation was
expected to negatively affect SPD-PDZ packing, leading to
PDZ collapse on SPD and subsequent loss of activity.
However, although higher activity was observed in M190R
mutant in the trimeric HtrA2, introduction of the same
mutation in the monomeric inactive SPD-PDZ did not
show any activity, suggesting that oligomerization is a
prerequisite for active enzyme formation.

To correlate these observations with substrate bind-
ing and catalysis, kinetic parameters were determined
and compared with HtrA2 (Fig. 2C and Table 2).
Comparison of K,, values of HtrA2(M190R) with HtrA2
show similar substrate binding affinity, suggesting that
binding pocket is mainly unperturbed and the active

TABLE 2. Steady state kinetic parameters for HtrA2 wild type and its variants, with FITC B-casein as the substrate

HtrA2 protein K, (wm) Vinax (M/s) kea (571 kea/ Ky (MT1s71)
HtrA2 wild type 4.60 * 0.5 4.08 X 107° 0.0204 * 0.004 4.5 x 10
HtrA2(M190R) 4.06 * 0.4 15.50 X 107° 0.0775 = 0.006 19.3 x 10°
SPD - - - -
SPD-PDZ - - — —~

Data are averages of 3 independent experiments.
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site accessibility is not limited due to this mutation (Fig.
2C and Table 2). However, turnover rate and catalytic
efficiency were ~4-fold higher than the wild type,
suggesting presence of a more catalytically competent
oxyanion hole in the former. Modeling and MDS with
this mutant shows subtle conformational changes in
and around the active site compared to the wild type.
On structural analyses, F170, which is part of the
oxyanion hole, was observed to move closer to H65 of
the catalytic triad so as to accommodate the LD loop
and form a catalytically competent oxyanion hole (Fig.
2D, E), thus leading to higher proteolytic activity. These
rearrangements result in a catalytically competent
HtrA2 conformation with a proper oxyanion hole.
Since SPD and SPD-PDZ were completely inactive, no
kinetic parameters could be obtained. These data em-
phasize the role of trimerization in protein activity and
demonstrate that PDZ inhibition might not be the sole
reason for protease inactivation. Earlier reports from
our laboratory on trimeric N-SPD and monomeric
HtrA2(F16D) provide crucial insights into structural
correlates of HtrA2 functions (18). Lower substrate
turnover rates, as well as catalytic efficiency (5- and
3.5-fold, respectively), compared to the wild type sug-
gested the presence of a malformed oxyanion hole in
N-SPD. It also highlighted the role of PDZ in mediating
conformational changes around the active site that
positively influence the rate of catalysis. However, in
monomeric full-length HtrA2(F16D), lesser substrate
binding affinity and significant decrease in catalytic
efficiency (~1600-fold) underlines the importance of

trimerization and hints at the presence of intermolec-
ular PDZ-protease crosstalk in active-site formation and
stabilization.

Further, to understand the rate of substrate catalysis
for all monomeric mutants, protease activity was mon-
itored with increasing concentrations (2-6 pg) of the
enzyme. Increasing concentrations of SPD and SPD-
PDZ did not show any activity (Fig. 34, B) whereas
HtrA2(F16D) and N-SPD(F16D) showed activity with
substrate B-casein (Fig. 3C, D). Protease activity for
HtrA2(F16D) and N-SPD(F16D) increased in a linear
fashion (Fig. 3E), suggesting that with increase in
protease concentration, enzyme substrate complex is
more stabilized, leading to enhanced substrate catalysis
in variants containing the N-terminal region. This
emphasizes the role of the N terminus in the formation
of proper active site conformation and stabilization of
the enzyme substrate complex for catalysis. To negate
the possibility of oligomerization at higher concentra-
tions, concentration-dependent oligomeric properties
of HtrA2(F16D) and N-SPD(F16D) were studied using
gel filtration chromatography, as shown in Fig. 3F. Both
the proteins were found to be monomeric at all protein
concentrations, as expected.

HtrA2 and its homologs have been found to show
increase in activity with temperature (28). Moreover,
reports in the literature suggest that heat activation is
associated with considerable plasticity at the PDZ-pro-
tease interface, similar to activation via substrate bind-
ing at PDZ (29). Thus, quantitative analysis of activity of
HtrA2 and its variants was performed as a function of
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temperature as well, to understand how change in
activity correlates with conformational changes and
dynamic behavior of HtrA2. V, was calculated for
HtrA2, HtrA2(F16D), and N-SPD domain using FITC
B-casein as substrate. For HtrA2, V;, increased linearly
up to 55°C. Activity of HtrA2 was ~b5-fold higher at
55°C than that at 37°C (Fig. 3G) with a subsequent
decrease beyond 60°C that might be due to protease
unfolding as loss of secondary and tertiary structure was
also observed through spectroscopic studies at higher
temperature (data not shown). The marked increase
might be consistent with its physiological role to serve
as a quality control protein and to maintain mitochon-
drial homeostasis (30). Identical enzymatic studies were
done with trimeric N-SPD (no PDZ inhibition) and
monomeric HtrA2(F16D) having an intact PDZ do-
main. Increase in activity was observed in both, al-
though the change was not significant (~1.7- and
~1.2-fold higher than that at 37°C) as shown in Fig. 3I
Moreover, their maximum activity was found to be
~50°C, which might be due to a decrease in stability of
the proteins as observed by thermal denaturation stud-
ies. These observations suggest that N-SPD, whose basal
activity is much less than that of the wild type, lacks the
PDZ-protease dynamics preventing the rearrangement
of the active site to form a more catalytically competent
enzyme as observed in the wild-type protease. However,
the slight increase in protease activity that is observed
in N-SPD highlights the conformational changes that
occur at the N-terminal region in the trimeric ensemble
that might also be required in concert with PDZ-
protease crosstalk for HtrA2 activation. In monomeric
HtrA2(F16D), although the PDZ is intact, no signifi-
cant change in enzyme activity was observed, suggesting
the role of intermolecular PDZ-protease crosstalk in
HtrA2 activation. Overall, these data reiterate the im-
portance of N-terminal domain, PDZ domain, and

intermolecular crosstalk (trimeric architecture) in effi-
cient HtrA2 activity.

Secondary and tertiary structural properties of HtrA2
mutants and domains

Far-UV CD studies were performed to understand the
effect of deletions and mutations on HtrA2 secondary
structure and stability. All proteins except N-SPD and
N-SPD (F16D) show similar secondary structural prop-
erties, suggesting that the mutations and deletions did
not alter their overall secondary structure (Fig. 44).
Both N-SPD and N-SPD (F16D) show a decrease in total
a-helical characteristics of the protease, which might be
due to absence of PDZ domain in these variants.
Secondary structural properties of all HtrA2 constructs
harboring either Y295W or N48W mutation are com-
parable to their nontryptophan counterparts suggest-
ing these tryptophan mutations are structurally not
perturbing (data not shown).

Fluorescence emission studies were performed for all
tryptophan mutants (Y295W and N48W) and variants
of HtrA2 to characterize the tertiary structural changes
at the PDZ-protease interface, near the active site
region as well as to understand the effect of certain
mutations and deletions on the overall protein confor-
mation. The 2 monomeric variants of HtrA2, HtrA2
(F16D, Y295W), and SPD-PDZ(Y295W), showed red-
shifted emission maxima (by 2 nm) compared to trim-
eric HtrA2(Y295W) (Fig. 4B), demonstrating that PDZ
of the same molecule might not be completely collaps-
ing on the SPD domain as suggested by the model
(15). Interestingly, the packing mutant HtrA2(M190R,
Y295W) showed similar redshift implicating that this
mutation did not negatively disrupt intramolecular
PDZ-protease contacts as suggested earlier, and it has
been found to be in accordance with the enzymology
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data discussed in the previous section. In contrast,
emission maxima for HtrA2(N48W) showed slight red-
shift (Fig. 4C) compared to the 2 monomeric variants,
suggesting that regulatory loops L1 and LD, which are
in the vicinity of the tryptophan, might be oriented
such that the tryptophan is more buried in the mono-
meric forms. In addition, emission maxima for trimeric
N-SPD (N48W) is slightly blueshifted (~1 nm) com-
pared to HtrA2(N48W), which suggests that PDZ do-
mains do not influence the burial of W48 in the
protease structure, and the observed blueshift in the
monomeric full-length HtrA2 variants might be due to
rearrangements of the loops around the active site.
Overall, these studies show that the mutants are well
folded with proper secondary and tertiary structural
properties. Structural alterations and subtle conforma-
tional changes might occur with deletions and muta-
tions, respectively, which are reflected in overall
protease activity.

Since protease activity of HtrA2 increased with tem-
perature, thermal stability of the protease and second-
ary and tertiary structural changes in the SPD and
PDZ-protease interface were monitored for different
constructs. Thermal denaturation studies using CD
spectroscopy demonstrate that melting temperature
(T,) of HtrA2, HtrA2(S173A), HtrA2(Y295W), and
HtrA2 (N48W) was ~74°C (Fig. 4D) suggesting that
the mutations did not have destabilizing effects on
the protease. The slopes for full-length trimeric
protease variants, except for HtrA2(M190R), were
steep, demonstrating highly cooperative unfolding,
whereas the slope was less for HtrA2(M190R), imply-
ing higher conformational flexibility, which might be
due to presence of a more open active site archi-
tecture (31). T, for N-SPD and monomeric
HtrA2(F16D) was found to be ~65°C, highlighting
the importance of PDZ and trimeric protease archi-
tecture in HtrA2 stability. 7,, for SPD-PDZ and SPD
could not be calculated because these proteins pre-
cipitated beyond 50°C. This suggests that the N
terminus might also be very important for rendering
stability to the protease.

Tryptophan accessibility by fluorescence quenching
studies

Fluorescence quenching studies were performed with
the 2 tryptophan mutants in different HtrA2 constructs
to determine their relative accessibility to acrylamide
(32) between 30 and 65°C. Since activity of substrate-
bound HtrA2 mimics that of thermally activated form,
this information would thus reflect conformational
dynamics at the PDZ-protease interface and the region
surrounding the active site where these mutations are
strategically placed (29). At 30°C, Ky values for trim-
eric N48W mutants, HtrA2 and N-SPD (3.2 and 3.4,
respectively), were less than for their monomeric coun-
terparts HtrA2(F16D) and SPD-PDZ (4.8 and 4.9, re-
spectively; Table 3). Since W48 is near the regulatory
loops L1 and LD, difference in their orientations might
also be responsible for change in Ky, which can be very
well correlated with fluorescence emission studies, as
well as lesser protease activity of monomeric mutants
compared to the trimers.

The Kgy constants for HtrA2(Y295W) are lower com-
pared to other HtrA2 variants, HtrA2(M190R), HtrA2
(F16D), and SPD-PDZ (4.4, 7.8, 6.5, and 6.2, respectively;
Table 3) suggesting that W295 is less accessible to the
quencher in the wild type, which correlates very well with
our fluorescence emission studies. Moreover, W295 is
introduced in such a way that its accessibility will not be
influenced structurally by the presence of the other 2
monomers in trimeric HtrA2. In addition, it also faces the
PDZ-protease interface and is in the vicinity of the sub-
strate binding pocket (YIGV). This is supposed to reflect
the environment surrounding the YIGV groove and mon-
itor interdomain plasticity. Therefore, higher Kg, con-
stants for the above-mentioned monomeric HtrA2 vari-
ants support our enzymology and other spectroscopic
data that demonstrate that PDZ from the same monomer
does not collapse on SPD; rather, it might have enhanced
flexibility as a consequence of absence of 2 other sur-
rounding HtrA2 molecules. According to the existing
HtrA2 model (15), MI90R mutation disrupts the packing
between PDZ and protease domains, resulting in com-
plete protease inactivation due to collapse of PDZ. With

TABLE 3. Stern-Volmer quenching constants (Kgy,) for HirA2 variants as a function of temperature with W48 and W 295 as the

intrinsic fluorophore

Ksv
HtrA2 construct 30°C 37°C 45°C 50°C 55°C 60°C
HtrA2(N48W) 3.2 +0.16 2.7+ 0.12 2.0 = 0.15 1.7£0.23 1.2 = 0.11 1.1 £0.08
HtrA2(F16D, N48W) 4.76 = 0.11 471 £ 0.13 4.69 = 0.12 4.67 £0.17 4.68 = 0.12 4.62 = 0.25
SPD-PDZ (N48W) 49 +0.11 - - - - -
N-SPD (N48W) 3.40 = 0.17 3.34 = 0.11 3.35 +0.13 4.10 = 0.15 4.20 = 0.16 4.30 £ 0.11
HtrA2(Y295W) 441 = 0.11 4.90 £ 0.27 6.13 = 0.32 9.46 * 0.40 10.84 = 0.43 14.10 = 0.23
HtrA2(F16D, Y295W) 6.5 = 0.08 6.6 = 0.12 6.7 £ 0.14 7.1 =0.16 8.5 £ 0.23 9.1 = 0.27
SPD-PDZ(Y295W) 6.2 = 0.07 - - - - -
HtrA2(M190R, Y295W) 7.8 +0.08 8.1 +0.19 8.3 +0.22 10.1 = 0.30 11.2 = 0.28 14.7 = 0.40

Data (averages = sp of 3 independent experiments) were fitted to the Stern-Volmer equations (Egs. 1 and 2) as described in Materials and

Methods.
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our enzymology, in silico, and spectroscopic data, we have
proved that MI90R mutation does not only make the
enzyme highly active but also has a more flexible and
accessible active site pocket.

However, at higher temperatures, Kg, values for
HtrA2 decreased gradually from 3.2 to 1.1, while for
monomeric HtrA2(F16D), as well as trimeric N-SPD,
they remained unchanged (Table 3). The decrease in
quenching constant for HtrA2 is indicative of rear-
rangement of L1 and LD loops on activation, leading to
burial of W48. No change in quenching constant for
trimeric N-SPD suggests that loop reorientations might
be dynamically coupled to PDZ movement. In mono-
meric HtrA2(F16D), no change in Ky, constants with
temperature provides two important insights into the
HtrA2 mechanism: first, trimeric architecture is re-
quired for formation of a catalytically competent en-
zyme; second, the PDZ domain might not play a critical
role in active site rearrangement for the same protease
molecule. These observations, along with enzymology
data, revalidate our hypothesis of interdomain PDZ-
protease crosstalk in HtrA2 activation.

For HtrA2 and HtrA2(M190R), with Y295W muta-
tion, increase in tryptophan exposure was observed
(3.2- and 1.9-fold, respectively) with temperature till
60°C. This increase in Ky values suggests that PDZ
might be moving away from SPD and also exposing the
YIGV groove, making the protease more accessible to
the substrate, thus increasing protease activity. This is
further supported by the enzymatic studies where the
activity was found to be maximum at ~55°C (Table 3).
In HtrA2(M190R), initial redshift compared to wild
type is suggestive of a more open YIGV groove and less
compact PDZ-protease interface. Although the initial
emission maxima are higher than for wild type in
HtrA2(F16D), there is only a 1.3-fold increase in the
Kqy constant, demonstrating that PDZ does not move
significantly away from SPD with increase in tempera-
ture. This might be due to absence of intermolecular
PDZ-SPD movement, which otherwise indirectly modu-
lates PDZ-protease plasticity within the same monomer.
All these observations point toward requirement of

A —&— HirA2(F208C,Y295W) B
310°, - HtrA2(F16D,F208C, Y295W)
—A- HirA2(M190R, F208C, Y295W)
2 2510°
w
5
) 4 N
E 210 termina
8 e Y
& 1510°
g1
E ...
2 110
510°

300 350 400 450 500 550 600
Wavelength (nm)

trimeric architecture of the protease for structural
plasticity and accentuate the role of intermolecular
PDZ-protease interaction in regulating HtrA2 activity.
Opverall, these temperature-dependent structural changes
near the catalytic triad and interface of serine protease-
PDZ domain of trimeric fulllength HtrA2 might be the
reason for the higher fold increase in enzyme activity.

Intramolecular PDZ-protease interaction by FRET

With an aim at looking at the distance between PDZ
and protease domain quantitatively, FRET studies were
performed with wild-type HtrA2 as well as its mono-
meric and packing mutants as a function of tempera-
ture. Structure-guided F208C mutation was done in a4
of SPD on the HtrA2(Y295W) template. The FRET
pairs were chosen such that they face each other and
reside in the vicinity of the PDZ-protease linker region.
This approach would provide a comparative analysis of
not only the distance between PDZ and protease in
these 3 different HtrA constructs but would also help
understand the dynamics of the interface as a function
of temperature. These FRET residues that face each
other in the same monomer are far away from their
pairs in the adjoining molecules in trimeric HtrA2, and
hence influence from other molecules on FRET trans-
fer has been expected to be minimal. The tryptophan
fluorescence and IAEDANS absorption spectra of all
HtrA2 FRET mutants overlap, facilitating efficient en-
ergy transfer (Fig. 54). Comparison of transfer effi-
ciency E and distance R (A) at 30°C shows that
HitrA2(F208C, Y295W) has a shorter C208-W295 dis-
tance compared to its M190R and F16D counterparts
(Table 4), thus supporting our hypothesis.

With increase in temperature, energy transfer effi-
ciency for HtrA2(F208C, Y295W) and HtrA2(M190R,
F208C, Y295W) initially increased, and calculated dis-
tances R between the acceptor and donor decreased
from 30 to 50°C. Beyond 50°C, energy transfer effi-
ciency decreased with subsequent increase in R values.
However, consistent redshift (2.5 and 1.5 nm, respec-
tively) in fluorescence emission maxima between 30

4 Linker
= (Catalytic triad

c208 A

W295

Figure 5. FRET studies representing intramolecular PDZ-protease
distance. A) Fluorescence emission of HtrA2 and its mutants labeled
with JAEDANS. Fluorescence was excited at a wavelength of 295 nm

and spectra were collected between 310 and 575 nm. B) Model showing the dynamics at SPD-PDZ interface as a

function of temperature.
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TABLE 4. FRET parameters between IAEDANS (acceptor) and W295 (donor) for HtrA2 (F208C, Y295W) and its variants as a function
of temperature

E R (A)
Temperature (°C) HtrA2 HtrA2(M190R) HtrA2(F16D) HtrA2 HtrA2(M190R) HtrA2(F16D)
30 55.3 45.2 46.75 21.2 22.5 224
37 57.4 47.3 47.43 20.9 22.2 22.3
45 60.0 50.0 47.67 20.5 22.0 22.3
50 61.0 51.1 48.39 20.4 21.8 22.2
55 55.9 47.9 53.24 21.1 22.3 21.5
60 55.6 47.5 48.90 21.1 22.2 22.1

E1is the transfer efficiency; Ris the distance between 2 probes. Iand R values were calculated from Eqs. 3 and 4 as described in Materials

and Methods.

and 50°C was observed with these 2 mutants (data not
shown). This apparent anomaly can be explained by a
model where, as a function of temperature, the inter-
face movement occurs such that the PDZ moves away
from SPD in a V-shaped trajectory thus bringing the 2
residues in vicinity of each other (Fig. 5B). However,
beyond 50°C, the gap between PDZ and protease
domains increases more, which is reflected in increase
in R values (Table 4). Consistent with fluorescence
quenching studies, HtrA2(F16D, F208C, Y295W) did
not show much change in distance between the FRET
pairs with temperature.

DISCUSSION

The goal of this study was to delineate the role of
different domains, their combinations, oligomeriza-
tion, and critical residues in modulating HtrA2 activity
and specificity with an aim at developing a model for
HtrA2 mechanism of action. The importance of HtrA2
as a promising therapeutic target is reflected in a
plethora of studies on its structure and functions in the
past decade. This includes the crystal structure of
inactive unbound form that provides a broad overview
of its overall structural organization (15). However,
none of these studies could unambiguously define its
mode of activation, which is a prerequisite for delineat-
ing its role in various biological pathways and diseases.
Thus, understanding the structural correlates of HtrA2
activation will be a step forward toward designing
molecules to manipulate its functions for devising
therapeutic strategies (33, 35).

HtrA2 has a complex arrangement of L1, L2, and LD
loops encompassing the active site pocket and a flexible
linker at the PDZ-protease interface whose relative
orientations and crosstalk with different domains might
be essential for defining its functions. The crystal
structure of the inactive form of the protease (S173A;
ref. 15) proposed a model where the relative intramo-
lecular PDZ-protease movement was considered the
primary reason for regulation of HtrA2 activity. How-
ever, a part of the N-terminal region, PDZ-protease
linker, and several critical loops were missing from the
structure, thus limiting its ability to demonstrate the

INTERDOMAIN CROSSTALK MEDIATES HTRA2 ACTIVATION

dynamics of the mechanism of action. According to the
model, the PDZ domains on substrate binding move
away from SPD, making way for the substrate to access
the catalytic pocket thus emphasizing intramolecular
PDZ-protease crosstalk to be pivotal in protease activa-
tion. The model also hypothesized that in the mono-
meric HtrA2 variant, complete collapse of PDZ on
protease leads to its inactivity, which can be subse-
quently rescued through removal of PDZ domain. The
role of the short N-terminal region other than trimer
formation was also not highlighted in the previous
model and hence is incapable of fully explaining the
intricate collaboration among different domains in
HtrA2. Our data challenge this hypothesis and under-
line the importance of PDZ, the N-terminal region, and
trimerization in proper active-site formation, thus pro-
viding a comprehensive illustration of mode of HtrA2
activation.

Here, with an apt combination of in silico, enzymo-
logical, and biophysical studies, we have demonstrated
the complexity of conformational changes and dynam-
ics that regulate HtrA2 functions. In this study, domain-
wise dissection of HtrA2 has been done to delineate
their roles alone and in different combinations, includ-
ing loops, crucial residues, and flexible interface linker
in modulating HtrA2 functions. For example, deletion
of PDZ domain resulted in a trimeric HtrA2 variant
without PDZ inhibition (both inter- and intramolecu-
lar), whereas monomeric SPD-PDZ and HtrA2(F16D)
constructs were created to highlight the importance of
both N-terminal region and trimerization in protease
activation. This unique approach clearly pinpointed
the roles of each of them toward formation of a
catalytically competent HtrA2 molecule.

The 19-aa N-terminal trimerization region in HtrA2
is unique among HtrAs. It resembles Smac/DIABLO in
its IAP binding ability and in promoting caspase-depen-
dent apoptosis (10, 13, 35). Apart from these functions,
its significance in structure and stability of the protease
has not been characterized. Here we show that N-ter-
minal region plays an important role in active site
rearrangement with stabilization of the enzyme-sub-
strate complex. Comparison of HtrA2(F16D) with SPD-
PDZ establishes the role of the N-terminal region
toward rendering stability to the protease. The C-termi-
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nal PDZ domains in HtrAs perform myriads of func-
tions that include allosteric modulation, protein-pro-
tein interactions, and higher-order oligomer formation
(36-38). In HtrA2, it has been hypothesized that PDZ
acts as a substrate binding (via its YIGV tetrapeptide
motif) as well as a regulatory domain (15). Relative
orientation and movement between PDZ and protease
domain was considered to be the determining factor
for HtrA2 activity as well as specificity. We have shown
that the mechanism of HtrA2 activation, although
requires PDZ-protease crosstalk, is not straightforward,
and using functional enzymology and a quantitative
biophysical approach, we reexamined and modified the
existing mechanism (15). Our data demonstrate an
inability to form a proper active site as the main reason
for lower basal activity in HtrA2 rather than inaccessi-
bility of the active site due to shielding by the PDZ
domain from the same molecule. This rearrangement
occurs in a complex, concerted manner involving trim-
erization, the N-terminal region, and intermolecular
PDZ-protease crosstalk, which subsequently rearranges
the active-site loops and creates catalytically competent
oxyanion hole.

Spectroscopic and enzymology studies as a function
of temperature with different HtrA2 variants ascertain
considerable rearrangement in and around the Ll
loop, suggesting a malformed oxyanion hole in the
apo-protease. These experimental studies excellently
corroborate with a recent literature report (18) where
substrate binding leads to movement of ab of PDZ*
toward SPD of adjacent monomer thus flipping F170 of
the oxyanion hole near H65 of the catalytic triad
making the protease poised for catalysis. However, L2,
which harbors the substrate specificity pocket, shows
minimal movement, reestablishing our observations.

Interestingly, contrary to the previous literature re-
port (15), HtrA2(M190R), a mutant that was designed
to study the packing and mobility of the PDZ-protease
interface, has been found to have significantly en-
hanced activity compared to the wild-type HtrA2. It
might be due to the less compact structural architec-
ture with a more open and solvent accessible active site
as well as greater plasticity at the PDZ-protease linker as
observed by thermal denaturation and other spectro-
scopic studies. Combination of these 2 factors might
have synergistically led toward efficient initial substrate
binding as well as catalysis thus enhancing enzyme
activity by severalfold. A close look at the HtrA2 struc-
ture (15) shows that mutating a methionine to a bulkier
arginine residue might lead to steric clash with leucine
233, which is perhaps prevented by opening up of the
active-site pocket. Moreover, this mutation that hap-
pens to occur next to a lysine residue (K191) increases
the local positive charge at the hydrophobic milieu of
the PDZ-protease interface, which in addition to the
steric effect might open up the pocket even further
leading to enhanced substrate catalysis. However, addi-
tional mutational and structural studies are required to
confirm this hypothesis.

Based on all these observations and critical infer-
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ences, a comprehensive working model of HtrA2 acti-
vation has been proposed, as illustrated in Fig. 6. In
full-length trimeric HtrA2, initial substrate binding or
increase in temperature leads to movement of PDZ*
toward the SPD of an adjacent molecule. This intermo-
lecular movement along with simultaneous N-terminal
rearrangement leads to subtle reorganization of the
active-site loops to form an active protease. Interest-
ingly, the intermolecular domain plasticity concomi-
tantly facilitates intramolecular linker movement thus
indirectly aiding initial substrate binding and further
protease activation. This complex yet precise synergistic
coordination among different domains of the protease
might be functionally important for selecting substrates
under normal and diseased conditions.

Although N-terminal-mediated partial active-site re-
orientation and stabilization is novel among the HtrA
family of proteases, PDZ domains do act as modulators
in most of the cases (36, 39, 40). For example, in
bacterial DegS, which is a periplasmic stress sensor

Resting HtrA2 Intermolecular crosstalk ~ Cleaved
very low basal proper oxyanion hole ~ Substrate
activity formation
Substrate/n/ : L B
Y — (PN — o) PDZ
= & ]
N-SPD Substrate easily ibleTleaved subst j Substrate
el 8 i (lesser activity)
Mo PDZ inhibition but no significant )
rearrangement of active site / N-terminal
C C_ Linker
Substrate/, Catalytic triad
—_— l' .
/ ; Cleaved substrate
HtrA2(F16D) No significant structural (VErY low activity)
changes at PDZ-protease
interface and active site
D Substrate/f
Completely inactive Substrate/f o
and less stable ———> Completely inactive
/ and less stable
SPD-PDZ SPD

Mo N-terminal region

b . No N-terminal region and PDZ
Malformed active site =0

Malformed active site

Figure 6. Proposed model representing mechanism of HtrA2
activation. A) In fulllength trimeric HtrA2, initial substrate
binding or increase in temperature leads to movement of
PDZ* toward SPD of adjacent molecule. This intermolecular
movement along with simultaneous N-terminal rearrange-
ment leads to subtle reorganization of the active-site loops to
form an active protease. B) In trimeric N-SPD, substrate is
easily accessible to the active site, but lack of PDZ movement
leads to significant reduction in activity. Presence of residual
activity can be attributed to partial active site rearrangement
and stabilization mediated by the N terminus. C) In the
monomeric HtrA2(F16D)variant, absence of intermolecular
crosstalk and subsequent loop rearrangements result in a
malformed oxyanion hole, which significantly reduces the
rate of catalysis. D) Monomeric SPD-PDZ with malformed
active site is completely inactive and is less stable. £) Mono-
meric SPD without N terminus and PDZ is completely inactive
and is less stable.
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(41-43), inhibitory interaction of PDZ with loop L3 of
SPD in the unbound state keeps the protease in its basal
form. This inhibition is relieved by outer membrane
protein (OMP) binding to PDZ that subsequently leads
to both cis and trans protease domain rearrangement so
as to form an active DegS molecule (44). On the other
hand, in HtrA2, we have established that very low basal
activity in the apo-protease might be due to presence of
a catalytically incompetent active-site pocket which re-
quires intermolecular PDZ-protease interaction as well
as additional N-terminal contacts and stabilization for
formation of a fully functional trimeric ensemble. In
bacterial periplasmic space, where certain amounts of
unassembled OMPs are always present, stress response
beyond a threshold level can therefore be readily
modulated by OMP-PDZ interaction (44). However, in
HtrA2, evolution has possibly provided an additional
N-terminal regulatory switch for tighter control of its
activation, which might be required only during trig-
gering of apoptotic signal. Thus, nature uses unique
fusion of individual domains, loops, and linkers that
evolve into polypeptides with distinct functional and
regulatory properties.
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Introduction

Multidomain proteins due to their structural complexity require
different levels of regulatory mechanisms for executing cellular
functions efficiently within a specified time period. Allosteric
modulation of conformations is one such mechanism which often
helps a protein to regulate a functional behaviour such as for an
enzyme to attain an active functional state upon ligand or
substrate binding. In allostery, sometimes there are large
conformational changes that require significant rotations and
translations of individual domains at the timescales of microsecond
to millisecond. While in some other cases, minimal structural
perturbation helps in propagation of the signal in an energy
efficient way to the functional domain where movement is mainly
restricted to the side chains, loops and linker regions and which
occur within picosecond to nanosecond timescales [1]. PDZ (post-
synaptic density-95/discs large/zonula occludens-1) domains that
are involved in myriads of protein-protein interactions [2,3]
exhibit minimal structural changes during allosteric propagation.
These domains have multiple ligand docking sites and are known
to possess unique dynamics that regulate conformation of the
functional site from a distal region.

HtrA2 (High temperature requirement protease A2), a PDZ
bearing protein, is a mitochondrial trimeric pyramidal proapop-
totic serine protease with complex domain architecture whose
activity is likely regulated by interdomain crosstalk and structural
plasticity [4]. Mature HtrA2 comprises 325 amino acids with
residues S173, D95 and H65 forming the catalytic triad which is
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buried 25 A above the base of the pyramid suggesting requirement
of conformational changes for its activation. Apart from PDZ, this
multidomain protein has a short N-terminal region, a serine
protease domain and a non-conserved flexible linker at the PDZ-
protease interface [4]. HtrA2 is involved in both caspase
dependent as well as caspase independent apoptotic pathways
[5,6,7]. Literature suggests it might have chaperoning functions as
well and recently has been found to be associated with several
neurodegenerative disorders [8,9,10]. Based on information from
literature [4,11], this multitasking ability of HtrA2 can be
attributed to its serine protease activity which is intricately
coordinated by its unique substrate binding process, complex
trimeric structure, interdomain networking and conformational
plasticity. However, the unbound inactive form of the crystal
structure with partially missing active site loops and flexible PDZ-
protease linker has been unable to unambiguously determine the
role of dynamics and allostery if any in HtrA2 activation and
specificity. Therefore, to understand the molecular details of its
mechanism of action, dynamics study at the substrate binding site
and active site pocket becomes imperative.

HtrA2 belongs to a serine protease family that is conserved from
prokaryotes to humans [12] where allostery is a common
mechanism for protease activation in some of its homologs. DegS,
a bacterial counterpart of HtrA2, allosterically stabilizes the active
site pocket upon substrate binding at the distal PDZ domain [13].
DegP, the most extensively studied protein of the family, has
a cage-like hexameric structure whose activation is regulated by
allostery and oligomerization. Peptide binding to distal PDZ1
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domain leads to rearrangement of the catalytic pocket into
enzymatically competent form that readily oligomerizes and
renders stability to the active conformation [14].

With an aim at understanding the conformational changes and
structural plasticity that govern HtrA2 activity and specificity, we
took an n silico approach to study the movements of flexible
regions of the protein upon ligand binding. The PDZ domain of
HtrA2 has a known hydrophobic substrate binding YIGV pocket
(similar to GLGF motif) which is deeply embedded within the
trimeric protein structure with P225 and V226 from the serine
protease domain occupying the groove [4,15]. This structural
arrangement makes it impossible for substrate protein to bind
without significant conformational changes. Thus, to examine
whether allosteric modulation through an alternative site is
involved in substrate binding and catalysis of HtrA2, molecular
dynamics simulation (MDS) approach with a bound peptide
activator was used to look into the structural rearrangements that
occur in nanosecond time scale. Although the information usually
obtained from MDS is restricted primarily to movements in the
accessible and flexible regions of a protein, it nonetheless
contributes significantly towards understanding of the overall
structural rearrangement and dynamics during its allosteric
activation. In our study, we modelled the entire mature protease
by filling in the missing regions using Prime 3.0 [16], followed by
energy minimization with GRoningen MAchine for Chemical
Simulation or GROMACS [17]. Identification of the putative
binding site(s) on HtrA2 was done using SiteMap 2.5 [18] and the
selective binding pocket (SBP) for the ligand was chosen based on
optimum energy parameters. Peptides at SBP were docked from
our peptide library that was generated based on available
literature reports [19,20,21] and structural complementarities.
MDS of the docked structures was done using Desmond 2010 [22]
which provided critical information on loop and linker movements
in HtrA2. These results combined with mutational and enzymol-
ogy studies show that upon activator binding at the novel allosteric
pocket, SBP, the linker at the PDZ-protease interface and loops
L1, LA and LD around the catalytic groove undergo rearrange-
ments in a coordinated manner so as to form an efficient active site
pocket. Moreover, the PDZ domains mediate intersubunit
interactions which stabilize the oxyanion hole. These observations
highlight the importance of allostery which might be an important
prerequisite for an active conformation of the trimeric protease.

Results

Identification of Selective Binding Pocket (SBP)

The high resolution crystal structure of HtrA2 [4] (Figure la)
that lacked flexible loops, linkers and some N-terminal residues
was the target protein for our studies. These regions were
modelled and energy minimised as described under Methods
section. Comparison of refined model with unrefined structure
showed significant movements of the loops defining new binding
sites on the protein surface. The linker at SPD-PDZ interface
moved towards a7 of PDZ domain whereas the linker in the
protease domain moved closer to the SPD-PDZ linker so as to
form a groove (Figure 1b).

Among the five possible putative binding sites that were
identified, Site2 or SBP (Figure lc) that encompasses the groove
generated by SPD-PDZ linker, protease and PDZ domains
attained the best score (Table 1). The site score takes into account
parameters such as volume, density, solvent exposure, hydrophilic
and hydrophobic nature of residues and donor to acceptor ratio
and hence is a comprehensive representation of the possibility of it
being a binding site.
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SBP has optimum volume and contacts available including
maximum hydrogen donor and acceptor groups that are crucial
for interacting with peptides. The size of the site is very important
since the binding peptides have 6-7 residues and the site needs to
be large enough to accommodate them. It also has highest
hydrophobicity which makes it the best interaction site and hence
used in our studies. Although sites 1 and 3 have scores closer to
that of SBP, taking into account all the above-mentioned
parameters, SBP was chosen for further docking and MDS studies.

Peptide Docking Show Similar Interacting Residues

Here, we have used a holistic approach in designing activator
peptides where different techniques were applied in parallel so as
to conduct a comprehensive search for a signature pattern that
would dock at SBP. In one method, replicas for functional groups
were chosen based on sequence and structural complementarities
with hydrophobic SBP which were used for generating small
molecular fragments. Scores obtained from docking these small
molecules (Table S1) provided the framework for designing
different combinations of tetrapeptides as shown in Table S2.
With leads from literature and w silico structure-guided design, Gly
and Val residues were added at N- and C-termini respectively of
some peptides which subsequently increased the docking scores
from —6 to —10 kcal/mol.

Similarly, two peptides previously reported in the literature as
well peptides designed from the putative binding sites in pea-15
and Hax-1 also interacted well with SBP. Analysis of docking
results with all these different peptides show interaction with
similar residues of SBP as observed in ligplot (Figure SI).
However, the control peptide KNNPNNAHOQN, which has quite
a few asparagine residues, is an ideal sequence to act as negative
peptide for the pocket due to its stereochemical properties [19],
did not bind to SBP demonstrating the specificity of designed
peptides.

From the above extensive docking analysis, N216, S217, S219,
E292 and E296 in SBP were found to be common for most of the
peptide interactions (Figures 2a—b). Of these residues, N216, S217,
S219 belong to the linker region while E292 and E296 to the PDZ
domain that were either involved in hydrogen bond formation or
Van der Waals interaction with the peptides. This result suggests
that SBP might be the possible binding site and therefore
a prospective putative allosteric site.

The role of some of these important residues in allostery if any
and its subsequent effect on catalytic activity and substrate
turnover was further probed by enzymology studies as described
later in the text.

MDS Analyses of HtrA2 and HtrA2- Peptide Complexes
The peptides GSAWFSF was chosen for MDS studies as it gave
the best XP and E-model scores (Table 2). GQYYFV has been
reported to be a well known activator of HtrA2 [19] and hence
used as another representative peptide for simulation studies.
Moreover, the two peptides were chosen such that one is
a designed peptide (GQYYFV) while the other is a part of
a well-known HtrA2 binding protein Pea-15 (GSAWEFSF). In
addition to this, GQYYFV with docking score lesser than
GSAWFSF was chosen for MDS analysis to understand whether
different affinity for the substrate results in similar movements in
the protease. MDS analyses of HtrA2-GQYYFV and HtrA2-
GSAWTFSEF complexes demonstrated significant difference in
conformation as well as dynamics when compared with unbound
HtrA2. Visual inspection of the domain wise movements in
peptide bound HtrA2 indicated large fluctuations in hinge/linker
region (211-226) as shown in Figures 3a and b. Although these
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Figure 1. Ribbon model of HtrA2 structures (PDB ID: 1LCY). a. Domain organization of HtrA2 protease which comprises N-terminal region
(blue), protease domain denoted as PD (yellow) and PDZ domain (red) at C-terminal end. b. Structural alignment of loop refined (light magenta) and
unrefined (light green) structures of HtrA2 protein with modelled N-terminal AVPS, loop L3 (residues 142-162) and hinge region (residues 211-225)
built with Prime (Schrodinger 2011). On refinement, loop L3 and hinge region are reorganized so as to define new regions at the protease and PDZ
domain interface. c. Selective binding pocket (SBP) on HtrA2. The energy minimised structure of HtrA2 after modelling flexible regions in the protein
is represented as a ribbon model. The binding site designated as SBP, selected on the basis of the Sitemap score and residue analyses, is located at
the interface of PDZ and protease domain and shown as a multi-coloured mesh.

doi:10.1371/journal.pone.0055416.g001

movements were larger for GSAWFSEF than GQYYFV bound
complex, the movement pattern remained similar in these two
peptides. Enhanced dynamic movement in the former complex
could be attributed to the peptide length (heptameric as compared

to hexameric in the latter). Domain wise RMSD analysis of these
trajectories provided quantitative output of deviations with respect
to time. The trajectory graphs (Figures 3c—e) show that along the
entire sequence, hinge region (211 —226) has RMSD of 2.5 A for

Table 1. Putative binding sites in HtrA2 identified by SiteMap tool.

Site Number from

SiteMap Residues present in the site Site score

Site 2 K214, K215, N216,5217,5219, R226, R227, Y228, 1229, G230,V231,M232,M233, L234, T235, L236, 1.092716
S237, S239, 1240, E243, H256, K262, 1264,0289, N290, A291,E292, Y295,E 296, R299, S302

Site 1 Hé5, D69, R71, A89, V90, P92, D95,T324 0.957142

Site 3 N48, H65, D169, S173,K191, M232, H261,L.265 0.936056

Site 4 V192, F251 0.807891

Site 5 133,L34,D35,R36,V73,R74 0.673032

doi:10.1371/journal.pone.0055416.t001
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Figure 2. Representative surface structures of peptide activator docked HtrA2. a. Peptide GSAWFSF -HtrA2 complex and b. Peptide
GQYYFV-HtrA2 complex. The former peptide represents putative SBP binding peptide in Pea-15 and the latter is a peptide obtained from the
literature. The common interacting residues from SBP for both the peptides are labelled and are shown as blue sticks. PD denotes serine protease

domain in both the Figures.
doi:10.1371/journal.pone.0055416.9002

the peptide GSAWESF and 1.5 A for GQYYFV from the starting
unbound form.

The RMSF of these trajectories were comparable with rmsd
values showing higher relative fluctuations in and around the
hinge region. Representative RMSF plots for GQYYFV and
GSAWYFSF bound HtrA2 complexes depict these large fluctua-
tions for residues 190-225 as shown in Figures 4b and C
respectively. All structural alignment comparisons and relative
fluctuation analyses post MDS emphasize distinct significant
conformational change in the hinge (211-226) region upon
peptide binding. In addition to this, binding of peptides led to
dynamic movements in many functionally important regions distal
to SBP such as helices a5 and o7 in PDZ domain.

Conformational Transitions in Flexible Regions and at the
Active Site

Further detailed analyses of the effect that local subtle structural
changes at SBP had on distal regions of the protease especially at
the active site and its vicinity revealed the possibility of SBP being
a putative allosteric site. Functional active site formation and its
accessibility along with a well formed oxyanion hole are important
prerequisites for the activity of an enzyme.

Structural comparison of the MD simulated peptide bound
structure of HtrA2 with the unbound form show movements in
different domains and linker regions. The PDZ-protease linker
that covers the peptide binding groove in the PDZ domain moves
away from it thus increasing it accessibility. The peptide bound
HtrA2 complex show relative movements in the active site triad
residues compared to the unbound form. Atomic distance analysis
of both the forms revealed that distances between nitrogen (g)
atom of H65 and oxygen (y) atom of S173 increased in peptide
bound complexes while that between nitrogen (8) atom of H65 and
oxygen (8) of D95 decreased when compared with the unbound
HtrA2 structure (Table 3). This pattern being consistent with both
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the peptides suggests that interaction of peptide activator with SBP
leads to opening up of the active site cleft.

Apart from active site triad, changes were also observed in the
orientation of mechanistically important L1, LD and LA loops in
the peptide bound complex (Figures 4d—e). Their orientations with
respect to the active site determine proper oxyanion hole
formation, accessibility of the active site, formation of catalytic
triad and hence enzyme activity. MDS analyses for these regions
showed significant deviations upon peptide binding. Structural
alignment of GSAWFSF bound HtrA2 complex with the unbound
form demonstrated breaking of Van der Waals contacts between
loop LD and B2 strand of protease domain which facilitates LD
movement towards ol of protease domain and bringing P130 of
the former in proximity to A25 of the latter. Similarly, S50 in B2 of
protease domain establishes interactions with G171 of LI
(oxyanion hole residue) while breaking contacts with A132 of
LD loop due to movement or tilt in the L1 loop. As a result of this
reorganization, LD which was closer to L1 in the unbound HtrA2
moves sharply away from it upon peptide binding. These
positional rearrangements also lead to disruption of interaction
between D165 of L1 and G195 of L2 loops. All these movements
coordinate to bring LD closer to the proximal region of protease
domain thereby opening up the catalytic site. For GQYYFV
peptide, movements of all these loops were subtle as compared to
that for GSAWFSF except for the LA loop which exhibited larger
deviation in the former. The other significant flexible region
movement is in loop L3 which, in concert with linker region, assists
in accommodating the peptide at SBP.

The relative reorientation of these loops along with catalytic
triad residues seems to be assisting formation of a more open
structure near the active site. However, loop L2 that harbors the
specificity pocket remains mostly unchanged suggesting presence
of a well formed binding pocket in the unbound form whose
accessibility is limited compared to the substrate bound form. In
context with trimeric HtrA2, more open conformation might be
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Table 2. Peptide docking of HtrA2 and identification of interacting residues.

Interacting Residues

Glide score in

-1

Control Peptide (KNNPNNAHQN)

Peptides Used in Our study Kcal.mole
H bond Interactions Vdw Interactions

PEA 15 (GSAWFSF) Glu 292, Glu 296, Asp 293, lle 283, Met 287 GIn 286, Ala 297, Ser 222 —10.564

Designed (VKSDSG) Asn 216, Leu 152,Glu 296, Glu 292 Ala 89, lle 221, ser 218, —10.394

Designed (GRTDSV) Glu 296, Glu 292, Asn 216, Ser 217 Asp 293 —10.037

Designed (GRDTSV) Ser 219, Glu 292 Ser 239,GIn 286 —9.57

Designed (GRDTYV) Asp 293, Asn 216, Ser 217, Ser 219 Glu 296, Arg 299, —9.54

Phosphatase (PAEWTRY) Asp 117, Ala 149, Arg 150, Lys 215, Pro 148, Leu 152, Lys 214, GIn 156, —9.481
GIn 146 Val 159, Ser 239

HAX-1 (TKPDIGV) Glu 292, Glu 296, Ser 219, lle 221, Arg 299 Asn 216, Ser 222 —8.486

Connexin (ARKSEWV) Asp 293/426, Asn 290/423, GIn 156/289 Glu 292, Pro 155, GIn 289, Met 287, His 256, —8.165

Glu 255, pro 238

Presenilin (AFHQFYI) Leu 152, Asn 216, Ser 217, Glu 292, Pro 155, Arg 211, ser 218, Ser 219 —8.063
Glu 296

IL-EBF (AGYTGFV) Asn 216, Ser 217, Glu 292, Arg 150/, Leu 152 Ser 219, Gly 153, pro 155 —7.903

Yes Protein (ESFLTWL) Asn 216, Leu 152, Glu 296, Asp 293, GIn 156, Pro 238, Pro 155, Ser 218, —7.722
Gln 289, Ser 237 Glu 292, GIn 286

Cathepsin SVSSIFV Glu 296, Asn 216, lle 283/416, Glu 292, Leu 152,Gly 153,Ala 297 —7.524

Warts Protein Kinase (NRDLVYYV) Lys 214, Lys215, Ala 149,Glu 207, Leu 152, GIn 156, Val 159 —7.321
Arg150, GIn 146

GQYYFV® Glu 292, Glu 296, Asn 216, lle 221,Leu 152 Ser 219,Gly 153, Arg 299 —7.163

GGIRRV® Glu 292, Glu 296, Asn 216,Ser 217, Ser 219 Arg 211, Gly 153 —6.785

Tuberin (EDFTEFV) Arg 211, Asn 216, Ser 219 Ala 89, lle 221, ser 218, Arg 299, —1.883

Glu 296, Glu 292, Gly 153
Did not dock with HtrA2

doi:10.1371/journal.pone.0055416.t002

significant as it enhances the accessibility of the substrate and
thereby might contribute positively toward the rate of enzyme
catalysis.

Influence of SBP on HtrA2 Activity and Role of PDZ
Domain

To determine whether critical SBP residues (N216, S219, E292
and E296) are important for mediating allosteric propagation in
HtrA2, site directed mutagenesis to alanine were done. Mutation
of a conserved YIGV residue (G230A) was also done to
understand the role of canonical YIGV groove in this complex
signal propagation pathway. Moreover, since the protein is found
to be active in its trimeric form [4] and also that SBP encompasses
a major part of PDZ, we used trimeric and monomeric HtrA2
variants, N-SPD and F16D respectively to understand the role of
PDZ in intra and inter-molecular cross-talk.

To negate the role of overall conformational changes if any due
to these mutations, MDS and secondary structural analyses were
done on the mutant proteins. Similar active site conformations
were observed in both the wildtype and mutants. Moreover, the
overall secondary structure and thermal stability remained un-
perturbed due to the mutations (data not shown). Enzymology
studies with different SBP mutants were done using B-casein,
a well-established generic substrate of serine proteases [23]. B-
casein has a putative SBP binding site (GPFPIIV) which has been
found to interact with the similar residues at SBP by our docking
studies (Table 2) and hence expected to mimic the allosteric
modulation mediated by SBP binding if any. The kinetic

PLOS ONE | www.plosone.org

The possible residues which are involved in hydrogen bonding and Vander Waal's interactions along with Glide scores are mentioned.

parameters for wild type, N-SPD domain, F16D and other
mutants were determined using fluorescent B-casein (Figure 5).
The catalytic efficiency (k.,/K,,) for the double mutant N216A/
S219A and single mutant E292A showed ~2.4 fold decrease in
enzyme activity as compared to wild type whereas enzymatic
parameters remained mostly unchanged for E296A. K,,, values for
the mutants were not significantly higher compared to the wild
type, suggesting that the specificity pocket might be mostly intact
with some subtle alterations. However, there was a marked
decrease in Vi, and in substrate turnover (k.,) rates for N216A/
S219A and E292A suggesting presence of a malformed oxyanion
hole in the SBP mutants. These results demonstrate that N216/
5219 and E292 of SBP are important for mediating allosteric
activation of HtrA2 upon activator binding. This is strengthened
by the observation that SBP mutants did not interact with the
activating peptides as seen by isothermal calorimetric studies and
a representative figure is shown in the supplementary material
(Figure S3). In addition, the ligplot of the peptide showing the
detailed interaction with HtrA2 is also depicted in figure S1.

In our in silico studies, YIGV has been found to be a part of the
greater SBP mesh (Table 1) and since docking with small
molecular fragments (~35-100 Da) showed direct binding with
YIGV residues (Table S1), we wanted to understand the effect of
YIGV mutation on HtrA2 activity as well. Enzymology studies
with G230A demonstrated increase in K, value compared to the
wild type highlighting the involvement of YIGV in this intricate
allosteric mechanism. Protein turnover rate was also much lower
in G230A as compared to the wild type reiterating the importance
of oxyanion hole formation upon activator binding at SBP. Thus,
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Figure 3. Domain wise conformational changes induced on peptide binding at SBP. a. The structural alignment of minimum energy
structure of the peptide bound GQYYFV-HtrA2 complex (light pink) and unbound structure (green) displays orientation of the movement of the
hinge region and the a-helices of PDZ. b. The structural alignment of GSAWFSF-HtrA2 complex (light pink) and unbound structure (green). Graphical
representations of the RMSD for the 30 ns MDS trajectory of the following: c. HtrA2-GQYYFV complex. d. unbound HtrA2 (negative control). e. HtrA2-
GSAWFSF complex. The stretch of residues selected for each set of RMSD calculations are shown on the right of panel c.

doi:10.1371/journal.pone.0055416.g003

inaccessibility of the canonical PDZ binding pocket YIGV, in the
trimeric protease structure might have adjured presence of
exposed SBP which is dynamically coupled to YIGV groove for
efficient allosteric signal propagation to the distal active site. Direct
binding of small molecules at YIGV supports this hypothesis as
they could be accommodated in the classical binding groove

PLOS ONE | www.plosone.org 6

without requirement of any initial conformational change as it
might be with the larger peptide activators.

Interestingly, although catalytic efficiency for N-SPD has been
found to be 3.4 fold less as compared to the wildtype, its K, value
suggests slight increase in substrate affinity for the enzyme
(Table 4). This increase in substrate affinity might be due to
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absence of PDZ surrounding the active site region resulting in
greater substrate accessibility. However in N-SPD, k., was found
to be 5 fold less than that of wild type highlighting the role of PDZ
in initiating conformational changes near the active site pocket as
well as in the oxyanion hole so as to increase overall enzyme
stability. However, in the full length monomeric mutant of HtrA2
(F16D), there is a two fold increase in K,,, with significant decrease
in turnover rate and hence catalytic efficiency (Table 4) which

Table 3. Comparison of distances between atoms of the
catalytic triad in the peptide bound and unbound forms of
HtrA2.

Protein

Complex NE2 (His) - OG (Ser) ND1 (His) - OD1(Asp)
Bound Unbound Bound Unbound

HtrA2 (GSAWFSF)5.2 4.1 2.6 29

HtrA2 (GQYYFV) 5.5 4.1 2.7 29

doi:10.1371/journal.pone.0055416.t003
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emphasizes importance of intermolecular crosstalk between PDZ
and protease domains in trimeric HtrA2 structure.

The importance of intermolecular interaction between PDZ*
and SPD has also been manifested in our MD studies where
structural analyses show binding of peptide activator (GQYYFV)
at the SBP alters PDZ orientation and brings a5 helix of PDZ
from one subunit in close proximity to the protease domain of the
adjacent subunit. The helix moves towards LD loop of the
protease domain, thereby shifting the orientation of the phenyl
ring of F170 which is a part of oxyanion hole towards H65 of the
catalytic triad (Figure 6a) so as to accommodate the loop. These
rearrangements result in a more stable and catalytically competent
HtrA2 formation with a proper oxyanion hole. Thus the full length
trimeric HtrA2 is more active than trimeric N-SPD, where the
activation pocket is not stable in absence of PDZ.

Discussion

Our aim was to understand the structural dynamics that
regulates activation and specificity of HtrA2. This multidomain
trimeric protease has unique proapoptotic properties as it is
associated with both caspase-dependent and independent cell
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death pathways through its serine protease activity [5,12].
Association of HtrA2 with cancer and neurodegenerative disorders
makes it a promising therapeutic target. For example, over-
expression of HtrA2 substrates such as IAPs and the Wilms’s
tumor suppressor protein WT1 in several cancers suggests
modulation of HtrA2 protease activity can effectively regulate
their relative levels in the cells [24,25,26,27]. Out of several
approaches that can be used to regulate HtrA2 activity, allosteric
modulation is one of the simplest and most efficient ways.
However, modulating HtrA2 functions with desired characteristics
for disease intervention will require a detailed understanding of its
mode of activation and the underlying conformational plasticity
that controls it.

Table 4. Steady state kinetic parameters for HtrA2 wild type,
variants and mutants with -casein as the substrate.
HtrA2 Kear/Kim
Proteins K (UM) Vpax (M/s) Kear (1/5) (1/M.s)
Wild type 459 4,083x107°  0.02041 4.452x10°
N216A, 543 1.937x107°  0.00968 1.788x10°
S219A

E292A 5.15 1.903x107°  0.00951 1.849x10°
E296A 468 3.734x107°  0.01868 3.995x10°
N-SPD 3.02 0.7851x107° 0.0039 1.29x10%
F16D 9.3 408x107'?  0.000025 0.0026 x10°
G230A 9.32 1.03x10~° 0.0051 0.54x10°
doi:10.1371/journal.pone.0055416.t004

PLOS ONE | www.plosone.org

Peptide design using site complementarity followed by MDS of
the docked peptide-macromolecular complex is an extremely
useful tool to study subtle conformational changes and protein
dynamics. HtrA2 has a complex network of flexible loops
surrounding the active site pocket and a linker at the PDZ-
protease interface whose relative orientations and crosstalk with
different domains might be critical in defining HtrA2 functions.
With partially missing loops and the flexible linker region, the
solved structure of HtrA2 [4] could not fully explain the dynamics
and allostery that regulate its activity and specificity. Here, with an
in stlico and biochemical approach, we have shown that like few
other HtrA family proteins, allosteric propagation does regulate
HtrA2 activity.

In this study, peptide binding to SBP showed conformational
changes in the distal flexible regions of HtrA2 such as the PDZ-
protease interface, loops L1, LD and LA that rearrange to form
a more catalytically efficient active site thus establishing the role of
SBP as an allosteric site in HtrA2. A close look at and around the
active site pocket shows that in the bound form, the N atom of Gly
(—2 position) faces the oxyanion hole to form an H-bond whereas
in the unbound form it flips in the opposite direction to form
a malformed oxyanion hole [12,28]. Moreover, keeping in trend
with other HtrA proteases, the phenylalanine ring of —3 position
moves closer to the imidazole ring of His65 while in the unbound
form, it moves outward as observed from Figures 6b—c and Movie
S1. All these subtle structural rearrangements along with making
and breaking of bonds at sites away from the active site might
stabilize the peptide bound form such that it shifts the equilibrium
toward catalysis.

Enzymology studies with B-casein that has a putative SBP
binding sequence (GPFPIIV) as shown in Table 4 show significant
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doi:10.1371/journal.pone.0055416.g006

decrease in catalytic efficiency in SBP mutants. This observation
suggests interaction of substrate protein with SBP brings about
rearrangement around the active site of the enzyme by positively
influencing its activity thus behaving as an allosteric regulator. The
SBP mutants (N216A/S219A and E292A) show apparent decrease
in V. without significantly altering the apparent K,,, (with L2
specificity pocket mostly unaltered) and hence follow the V
system’ of allosteric modulation [29]. In this system, both the
relaxed (R) and the tensed (T) states bind the substrate at the active
site with similar affinity while the peptide (activator) at SBP binds
the R and T states with different affinity. This differential affinity
of the peptide towards SBP along with R state stabilization shifts
the equilibrium towards R state thus positively influencing its
turnover rate and hence catalytic efficiency which has been
observed in case of HtrA2.

In N-SPD, where the PDZ domain is absent, apparent decrease
in K, can be attributed to greater accessibility of the substrate to
the active site. However, since the change in binding affinity is not

PLOS ONE | www.plosone.org

large, the specificity pocket might be mostly unaltered compared
to the wild type which is confirmed through our MD studies where
the loop L2 remains mostly unaltered. Interestingly, k.., value in
N-SPD has been found to decrease significantly which is suggestive
of either a malformed oxyanion hole and/or decrease in overall
protein stability which might be due to absence of supporting PDZ
domain. However, similar studies with F16D (monomeric full
length HtrA2 mutant) also show significant decrease in turnover
rate and catalytic efficiency which accentuates the importance of
mtermolecular and not intramolecular PDZ-protease crosstalk in
trimeric HtrA2. Our MDS supports this observation by demon-
strating that in the peptide bound form of HtrA2, a5* of PDZ*
moves towards LD loop of protease domain of adjacent subunit
thus pushing phenyl ring of F170 of the oxyanion hole towards
H65 of the catalytic triad (Figure 6a). This reorientation in the
oxyanion hole makes the protease poised for catalysis as seen in
other HtrA family members as well [12] thus significantly
enhancing the turnover rate. Therefore, intermolecular crosstalk
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stabilizes the active site and makes it catalytically competent
establishing the requirement of complex trimeric architecture of
the protease.

The GLGF motif (YIGV in HtrA2) is the canonical peptide
binding site [2,4] in PDZ domains. However, in HtrA2, it is deeply
embedded within a hydrophobic groove where the residues are
intertwined with each other through several intramolecular
interactions making the site highly inaccessible to the binding of
peptide [4]. Thus, peptide binding to YIGV is only possible upon
certain structural rearrangements at that site. Given the property
of PDZ domains of having multiple docking sites and the fact that
HtrA2 requires huge conformational changes for proper active site
formation, we hypothesized presence of a relatively exposed
pocket where peptide binding occurs prior to interaction with the
buried YIGV groove. In our studies, we have found a novel
surface exposed region (SBP) around PDZ domain which is easily
accessible to the peptide. With an aim at understanding the
allosteric mechanism in HtrA2 and whether the binding site is
structurally conserved, we did a side-by-side comparison with the
peptide-bound PDZ structure of its bacterial counterpart DegS
that is known to exhibit allostery [30]. The structural overlay of
peptide bound forms of these two proteins show striking structural
similarity in the regions of binding (Figure 7a) with the GLGF
groove (YIGV in HtrA2 and YIGI in DegS) oriented differently.
Since the YIGV motif is buried in HtrA2 structure, its in-
accessibility might be the reason for the peptide to initially bind to
another relatively accessible region with similar hydrophobic
milieu. However, in DegS, the YIGI groove is already exposed to
accommodate the peptide easily and hence this kind of initial
Interaction is not required.

Our MDS studies show that peptide binding at SBP leads to
subtle structural changes in the region adjoining YIGV leading to
opening up of the pocket. The last B strand of PDZ domain which

PDZ-Deg$S

Allosteric Regulation of HtrA2

lies on one side of YIGV groove moves away from it. The YIGV
and the loop spanning residues 67—73 move away from each other
while the loop comprising residues 263-277 of the -o-B motif also
drifts at an angle away from the YIGV making it more solvent
exposed (Figure 7b). Therefore, upon SBP binding, the relative
movements of the loops in vicinity of the hydrophobic YIGV
pocket might confer it with the kind of exposure that is required
for interaction with peptides. These observations along with our
enzymology studies with SBP and YIGV mutants, led to defining
a model (Figure 8) for allosteric propagation in HtrA2. The model
suggests that initial binding of the peptide activator at SBP leads to
structural fluctuations which result in subtle rearrangement at and
around the YIGV groove (a part of greater SBP mesh as identified
by Sitemap) thus exposing it. Opening up of the deeply embedded
YIGV pocket makes it accessible to the substrate molecule which
consequently leads to allosteric signal propagation at the active site
in the serine protease domain.

This alternative non-canonical PDZ binding site though novel
in HtrA family of proteins, is not unprecedented in literature. It
has been observed that PDZ7 of the scaffold protein Glutamate
receptor interacting protein 1 (GRIP1) has an alternative exposed
hydrophobic pocket that binds its substrate GRASP-1 since the
canonical binding site is deeply embedded within the protein [31].
Overlay of the PDZ from HtrA2 and PDZ7 of GRIP1 show
striking structural similarity including the classical peptide binding
groove and the novel non-canonical pocket (Figure S2). Thus, in
these two proteins, perturbations at the alternative distal binding
sites might be coupled dynamically to the classical binding groove
by a complex mechanism that includes fast (ps—ns) timescale
dynamics which consequently leads to allosteric signal propagation
to the active site.

In the recent past, allosteric modulators have evolved into
important drug targets due to several advantages they have over

Figure 7. Structural comparison of PDZ domain orientation. a. Structural alignment of E.coli DegS (PDB ID: 1SOZ) and the peptide bound
HtrA2 showing PDZ domains for both the proteins (represented in blue and yellow respectively) are oriented differently but the peptides, P1 (blue)
and P2 (pink) represented as sticks for the respective proteins seem to bind to a structurally similar region. The GLGF substrate binding motif is
exposed for DegS while buried for HtrA2 as shown in pink and blue respectively. b. Alignment of the peptide bound (pink) and unbound (green)
structures at the region around the YIGV groove shows outward movement of the loops spanning residues 67-73 and 263-277 shown in red for the

bound structures which leads to opening up of the YIGV groove.
doi:10.1371/journal.pone.0055416.g007
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orthosteric ligands that include more diversity, less toxicity and Out of 5 pockets predicted, the site that scored the best based on

absolute subtype selectivity [32,33]. Therefore, designing suitable its size, hydrophobic and hydrophilic characters, degree to which

SBP binding peptides or peptidomimetics of HtrA2 might be an ligand might donate or accept hydrogen bonds and exposure to

excellent approach to modulate HtrA2 functions for devising solvent was selected for further analysis. This site selective binding

therapeutic strategies against various diseases it is associated with. pocket (SBP) encompasses PDZ-protease interface with the
involvement of hinge region and a part of PDZ domain (Table 1).

Materials and Methods

. . L. Peptide Designing and Molecular Docking
Loop Modeling and Site Prediction Based on properties of amino acids lining the binding site,

Crystal structure of HtrA2 (PDB 1D: ILCY) [4’] obtained from fragment dOCkil’lg (Ghde XP, Schrédinger, LLC, New YOI‘k, 201 1)
Protein Data Bank [34] has missing N-terminal residues (AVPSP)

and two flexible regions (*''RGEKKNSSSGISGSQ ?** and
"9ARDLGLPQT ). These missing structures were modelled
and loops were refined using Prime 3.0 (Schrédinger, LLC, New
\fork, 2.01 1). which was later subjected 1,0 molecular dynaml.cs replicas were chosen and were used for generating fragments in
simulation for 5 ns with GROMACS, version 4.5.1 [17] to obtain S . .
combinations of four as shown in Table S1. Combine Fragment

the 19west energy structure of HtrA?. The binding sites were then tool (Schrodinger, LLC, New York, 2011) was used to join the
predicted using SiteMap 2.5 (Schrédinger, LLC, New York, 2011).

[35] approach was used to dock 20 amino acids and 8 functional
group replicas (N-methylacetamide, methanol, phenol, benzene,
propane, acetate ion, methylammonium, methylguanidinium) at
SBP [36]. Based on properties of the amino acids that form SBP,
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fragments which were docked at SBP with three major filtering
options (bond angle deviation 5 degrees, atom-atom distance 1 A
and fragment centroid distance 2.0). The set of replica functional
groups that displayed the best docking scores were used to build
the peptide. The amino acids Arg, Ser, Gln, Glu, Asp, Asn, Thr,
Lys and their positions in tetrapeptide combination were chosen
based on the functional groups they resembled. Subsequently all
possible peptide combination of these amino acids with respect to
their relative positions were generated. The predicted tetrameric
peptides (Table S2) were selected and docked again with SBP.

In parallel, another mode of designing was used by identifying
signature peptides from literature which bind HtrA2 [19]. Initially
two peptides were chosen (GQYYFV and GGIRRYV) and based
on the sequence similarity and hydrophobicity, stretches of
putative binding residues from two known binding partners of
HtrA2 were identified (GPFPIIV from C-terminal region of -
casein and GSAWEFSF, an internal motif of antiapoptotic Pea-15)
[37]. A putative HtrA2 binding pattern was designed based on
phage display library [21] which along with the earlier four
sequences was used to generate all possible peptide combinations.
Considering structural complementarity and three dimensional
arrangements of amino acids at SBP, Gly and Val residues were
added at N- and C-termini of some peptides to increase the
stability of the docked complex. A 10 mer peptide having the
sequence KNNPNNAHON that does not match the consensus
SBP binding peptide pattern was used as a negative control. These
combinations were used for searching all possible sequences of
known and potential HtrA2 binding partners [38].

All designed peptides were built i siico using BREED
(Schrodinger, LLC, New York, 2011) and Combine Fragments
tools which were then prepared for docking using LigPrep 2.5
(Schrodinger, LLC, New York, 2011). After ligand preparation,
Confgen 2.3 (Schrodinger, LLC, New York, 2011) was used to
generate all possible energetically minimum conformers of the
designed peptides which were then docked using Glide [39,40].

In the modeled HtrA?2 structure, energy minimization was done
using Protein Preparation Wizard 2.2 (Epik Version 2.2,
Schrodinger, LLC, New York, 2011) after addition of H-atoms.
Molecular Docking was initiated by preparing Grid file (input file)
which contains receptor (protein structure) and binding site
information (Prime output). All three precision methods which
include high throughput virtual screening (HTVS), standard
precision (SP) and extra precision (XP) [35] of Glide [39,40] were
used for docking these peptides on SBP. This series of docking
methods were used to filter out energetically less favorable peptide
conformers and get a subset of best possible peptides for further
studies.

MD Simulation (MDS) and Analysis

After analyzing the docking results, best HtrA2-peptide
complexes based on Glide XP score and E-model value were
used for Molecular Dynamic Simulation which was performed
using Desmond 2010 [22] software package. Optimized Potentials
for Liquid Simulations (OPLS) [41] all-atom force field was used
to analyze model stability. The protein structures were solvated
with Monte Carlo simulated TIP3P [42] water model with a 10 A
buffer space from the protein edges in an orthorhombic box and
the system was then neutralized by replacing water molecules with
sodium and chloride counter ions. Similarly, unbound HtrA2
system was also developed as a control. Neutralization of systems
was done by adding 2 Na™ ions in unbound HtrA2 and 4 Na* ions
for peptide bound complexes. The particle-mesh Ewald method
(PME) [43] was used to calculate long-range electrostatic
interactions with a grid spacing of 0.8 A. Van der Waals and
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short range electrostatic interactions were smoothly truncated at
9.0 A. Nose-Hoover thermostats were utilized to maintain the
constant simulation temperature and the Martina—Tobias—Klein
method was used to control the pressure [44]. The equations of
motion were integrated using the multistep RESPA integrator [45]
with an inner time step of 2.0 fs for bonded interactions and non-
bonded interactions within the short range cut-off. An outer time
step of 6.0 fs was used for non-bonded interactions beyond the cut-
off. These periodic boundary conditions were applied throughout
the system.

These prepared systems were equilibrated with the default
Desmond protocol that comprises a series of restrained minimiza-
tions and MDS. Two rounds of steepest descent minimization
were performed with a maximum of 2000 steps and a harmonic
restraint of 50 kcal/mol/per A? on all solute atoms followed by
a series of four MDS. The first simulation was run for 12 ps at
a temperature of 10 K in the NVT (constant number of particles,
volume, and temperature) ensemble with solute heavy atoms
restrained with force constant of 50 kcal/mol/A 2. The second
simulation was similar to the first except it was run in the NPT
(constant number of particles, pressure, and temperature) ensem-
ble. A 24 ps simulation followed with the temperature raised to
300 K in the NPT ensemble and with the force constant retained.
The last one was a 24 ps simulation at 300 K in the NPT
ensemble with all restraints removed. This default equilibration
was followed by a 5000 ps NPT simulation to equilibrate the
system. A 30 ns NPT production simulation was then run and
coordinates were saved in every 2 ps of time intervals.

The total trajectory of MD simulation was 30 ns. MD
Simulation was analyzed using the analytical tools in the Desmond
package. In MD quality analysis, potential energy of the protein as
well as total energy of the entire system was calculated. The lowest
potential energy conformations were then used for comparative
analysis of peptide bound and unbound structures. Trajectories of
peptide bound complexes and unbound HtrA2 were then
compared based on their overall calculated RMSD (root mean
square deviation), domain wise RMSD and RMSF (root mean
square fluctuation) values and were plotted using GraphPad Prism
5.0 (GraphPad Software, San Diego, CA, USA).

Production of Recombinant HtrA2 Wild Type, its Mutants
and Domains

Mature (A133 HtrA2) with C-terminal hisg-tag in pET-20b
(Addgene, Cambridge, MA) was expressed in E. coli strain BL21
(DE3) pLysS. N-SPD, comprising N-terminal and serine protease
domains (residues 1-210) of HtrA2 was sub cloned into
PMALCSE-TEV using appropriate primers. Point mutations were
introduced into pET-20b A133 HtrA2 by PCR using primer sets
that included mutations for residues N216A, S219A, E292A,
E296A and F16D. N-SPD clone and these mutants were
confirmed by DNA sequencing. Protein expression was induced
by culturing cells at 18°C for 20 h in presence of 0.2 mM
isopropyl-1-thio-D-galactopyranoside. Cells were lysed by sonica-
tion and the centrifuged supernatants for HtrA2 and its mutants
were incubated with pre-equilibrated nickel-IDA beads for 1 h at
room temperature. Protein purification was done using Ni-affinity
chromatography as described earlier [19]. Eluted protein was
further purified using gel permeation chromatography. N-SPD
was purified using amylose resin where the bound protein was
eluted using 10 mM maltose and was subjected to TEV protease
cleavage [46] to remove maltose binding protein (MBP). N-SPD
was further separated from MBP by gel filtration using Superdex
75 column. All purified proteins were analyzed by SDS-PAGE for
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purity. The fractions with >95% purity were stored in aliquots at
—80°C until use.

FITC-B-Casein Cleavage Assay

The proteolytic activity of wild type and the mutants were
determined using FITC-labelled B-casein cleavage assay [47].
Fluorescent substrate cleavage was determined by incubating
200 nM of enzymes with increasing concentration (0-25 uM) of -
casein at 37°C in cleavage buffer (20 mM Na,HPO,/NaH,PO,,
pH 8.0, 100 mM NaCl, 0.1 mM DTT). Fluorescence was
monitored in a multi-well plate reader (Berthold Technologies)
using excitation wavelength of 485 nm and emission at 545 nm.
Reaction rates vy (WM/min) were determined by linear regression
analysis corresponding to the maximum reaction rates for
individual assay condition. Assays are representative of at least
three independent experiments done in triplicate. The steady-state
kinetic parameters were obtained from the reaction rates by fitting
data to Michaelis-Menten equation using nonlinear least squares
subroutine in KaleidaGraph program (Synergy software).

Supporting Information

Figure S1 Interaction of peptides with HtrA2. a. Ligplot
for GSAWFSF with HtrA2 which represents residues involved and
the nature of interactions. b. Ligplot for GQYYFV interaction
pattern with HtrA2. c. Ligplot for GPFPIIV with HtrA2 which
represents residues involved and the nature of interactions. d.
Ligplot for SEHRRHFPNCFFV peptide with HtrA2 which
represents residues involved and the nature of interactions. The
residues of peptides and HtrA2 involved in interaction are shown
in blue and red respectively.

(TIF)

Figure S2 Comparison of SBP and allosteric pocket of
GRIP-1 protein. Structural overlay of the protein GRIP-
I(green) bearing PDB ID IM5Z and GOQYYFV bound HtrA2
(pink) shows striking resemblance of the orientation of buried
GLGT motif shown in yellow and blue respectively. The o helix
denoted as aB (green) for GRIP-1, known to be involved in
formation of allosteric pocket overlays very well with the one
involved in SBP formation (orange) in GQYYFV (red sticks) -
HtrA2 complex.

(TIF)

Figure 83 ITC studies for activating peptide with HtrA2
and the SBP double mutant. The peptide used was 13mer
SEHRRHFPNCFFV, which has similar consensus sequence as
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defined for PDZ peptide groove binding substrate. The peptide
was better in terms of solubility as compared to other activating
peptides and binding studies were done using Isothermal titration
calorimetry. The titrations were carried out using Micro Cal
ITC200 (GE Healthcare) with the calorimetry cell containing
200 pl of wild type or N216A/S219A mutant HtrA2 in 20 mM
Na,HPO,/NaH,PO, buffer, 100 mM NaCl, pH 7.8. The
concentration of protein was in range from 20 to 50 uM and
was titrated with 1.5 pl injections of a solution containing 0.4 mM
activator peptide reconstituted in the same buffer. To correct the
effect of heat of dilution, a blank injection was made under
identical conditions. All experiments were performed at 25°Cl and
the data was analyzed using the manufacture provided MicroCal
software with the integrated heat peaks fitted to a one site-binding
model. Simulated I'TC raw data for the protein with the activating
peptide is represented in the upper panel and the integrated data
in the lower panel. The dissociation constant was calculated to be
7.5 uM for wild type (left panel) and no significant heat change
was observed for the SBP double mutant (right panel).

(TIF)

Table S1 Docking analysis of replica fragments with
HtrA2. The fragments have been arranged according to their

docking scores.
(DOC)

Table S2 Designed peptide fragments. Iragments of
peptide combinations generated based on functional group studies
have been enlisted.
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Movie S1 Orientation of active site triad and oxyanion
hole formation during MD simulation of HtrA2-peptide
complex. From this visual representation of HtrA2 peptide
(GSAWFSF) complex during MD simulation it can be seen that
the catalytic triad residues H65, D95, S173 reorient to form an
active conformation along with oxyanion hole residues (N172,
G171 and F170). All the residues involved are represented as
sticks. This movie shows proper active site and oxyanion hole
formation.
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