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Human High temperature requirement A2 (HtrA2) is a mitochon-
drial protease chaperone that plays an important role in cellular
proteostasis and in regulating cell-signaling events, with aberrant
HtrA2 function leading to neurodegeneration and parkinsonian
phenotypes. Structural studies of the enzyme have established a
trimeric architecture, comprising three identical protomers in
which the active sites of each protease domain are sequestered
to form a catalytically inactive complex. The mechanism by which
enzyme function is regulated is not well understood. Using methyl
transverse relaxation optimized spectroscopy (TROSY)-based solu-
tion NMR in concert with biochemical assays, a functional HtrA2
oligomerization/binding cycle has been established. In the absence
of substrates, HtrA2 exchanges between a heretofore unobserved
hexameric conformation and the canonical trimeric structure, with
the hexamer showing much weaker affinity toward substrates.
Both structures are substrate inaccessible, explaining their low
basal activity in the absence of the binding of activator peptide.
The binding of the activator peptide to each of the protomers of
the trimer occurs with positive cooperativity and induces intrasu-
bunit domain reorientations to expose the catalytic center, leading
to increased proteolytic activity. Our data paint a picture of HtrA2
as a finely tuned, stress-protective enzyme whose activity can be
modulated both by oligomerization and domain reorientation,
with basal levels of catalysis kept low to avoid proteolysis of
nontarget proteins.

Human High temperature requirement A2 | trimer-hexamer equilibrium |
ligand-binding thermodynamics and kinetics | cooperativity | methyl
transverse relaxation optimized spectroscopy

he accumulation of unfolded and/or misfolded proteins leads

to a disruption of normal cellular function and ultimately, if
left unchecked, to cell death. Such stresses are mitigated through
the expression of a range of different molecular chaperones and
proteases that either refold (chaperones) or, when this is not
possible, hydrolyze (proteases) the aberrantly folded structures
(1). The High temperature requirement A (HtrA) proteins,
which are widely conserved from prokaryotes to eukaryotes, play
a central role in protein quality control by functioning as dual-
protease chaperones in an adenosine 5'-triphosphate (ATP)-in-
dependent manner (2, 3). In addition to their critical role in
protein quality control, HtrA proteases participate in and mod-
ulate signaling pathways by specifically cleaving or sequestering
regulatory proteins, thus guiding various important processes
such as cell proliferation, migration, and apoptosis.

Human HtrA2, also known as Omi protease, is a mitochon-
drial HtrA protease which resides primarily in the mitochondrial
intermembrane space (IMS) (4-6). To reach the IMS, the
458-residue HtrA2 polypeptide is synthesized with a mitochon-
drial localization signal and a transmembrane domain at its N
terminus. HtrA2 is initially anchored to the mitochondrial inner
membrane, with the N-terminal 133 residues subsequently re-
moved by proteolytic cleavage, yielding the mature, membrane-
dissociated form of the enzyme (residues 134 to 458). HtrA2 has
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been well characterized as a key regulator of apoptotic signaling.
Upon apoptotic stress, HtrA2 is released from the IMS to the
cytoplasm where it specifically binds to and cleaves Inhibitor of
Apoptosis Proteins (IAPs) to initiate the apoptosis cascade
(6-13). Another primary role of HtrA2 is the maintenance of
mitochondrial homeostasis, as the loss of HtrA2 proteolytic ac-
tivity leads to the accumulation of unfolded proteins in this or-
ganelle (14, 15). As mitochondrial malfunction resulting from
the accumulation of unfolded proteins is closely linked to the
onset of neurodegenerative disorders, it is thought that HtrA2
has a prominent neuroprotective role (16-18). This notion is
supported by studies showing that patients with Parkinson’s
disease and essential tremor have missense mutations in their
HTRA?2 genes (19, 20) and that mice deficient in HtrA2 activity
exhibit neurodegeneration and a parkinsonian phenotype (16,
21). While the loss of HtrA2 activity leads to impaired mito-
chondrial function, it has been proposed that excess HtrA2 ac-
tivity induced by its overexpression can also cause mitochondrial
defects and uncontrolled apoptosis (6, 22, 23), establishing that
the activity of HtrA2 must be tightly regulated in both mito-
chondrial and cytosolic environments.

HtrA2 is composed of protomers consisting of protease (pink)
and PDZ (PSD-95, DLG, and ZO-1) (light blue) domains (one
copy of each) connected by a flexible linker (Fig. 14). The crystal
structure of HtrA2 shows a pyramid-shaped homotrimer where
the protease domains are at the top of the pyramid and the PDZ

Significance

The HtrA2 protease plays a critical role in ensuring proper
cellular function and in regulating a variety of different pro-
cesses, including programmed cell death. Although the three-
dimensional structure of a trimeric form of the enzyme has
been determined, the mechanism by which this important
molecule is regulated remains to be elucidated. Our data reveal
that this is accomplished through a second conformation of the
enzyme in which it forms a hexamer with much lower affinity
for substrate and by the fact that the enzyme remains in a low-
activity state until substrate binding leads to domain reor-
ientations, exposing the catalytic center. Together, these two
regulatory features help to minimize proteolysis of non-
substrate proteins that are required for cellular health.

Author contributions: Y.T., RW.H., and L.E.K. designed research; Y.T., RW.H., T.Y.T.L,
J.T.M., and L.E.K. performed research; Y.T., RW.H., T.Y.T.L,, J.T.M,, and L.E.K. analyzed
data; and Y.T., RW.H., and L.E.K. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

"To whom correspondence may be addressed. Email: yuki.toyama@utoronto.ca or kay@
pound.med.utoronto.ca.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2025022118/-/DCSupplemental.

Published March 10, 2021.

https://doi.org/10.1073/pnas.2025022118 | 1 of 12

www.manaraa.com

[=]
=
<
n
I
@
S
5
=
=
o

>
o
=]
=
=
=
-
<
=
]
=
<
=
>
™
=
o
[v]


https://orcid.org/0000-0003-0457-678X
https://orcid.org/0000-0003-2095-9860
https://orcid.org/0000-0002-2654-4378
https://orcid.org/0000-0002-2050-3620
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2025022118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:yuki.toyama@utoronto.ca
mailto:kay@pound.med.utoronto.ca
mailto:kay@pound.med.utoronto.ca
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025022118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025022118/-/DCSupplemental
https://doi.org/10.1073/pnas.2025022118
https://doi.org/10.1073/pnas.2025022118

Downloaded at Palestinian Territory, occupied on November 23, 2021

A Protease domain PDZ domain
N H C x3
134 345 359 458
. " N >
B Trimer ;- _ Protomer
0 . Protease
D228 e "’_ﬁ' =75y domain
(iggg \egh ™ Interdomain
5 linker
H198%5 e o5 B PDZ
G —t é’_.)
= domain
C Leud1/Valyl  eva27 lled1
20 | i 101 1150
. \/199 *
V161e ¢ °®\/305
— 2 VA F 1310 12 o008 1329367
£ V15348 & eeV200 '397‘0 X ® @ 1234
e V206 ¢® @229
a L392.. 1373 °1274
24 4 L338’ V257 14 4
Q L398 01164
o @’ 13330 Qe
= vige @ oL173 .. o3
26 ?' 16 ‘ ‘
* T L4322 1.0 05 0.0
L210 H
m
08 | | (ppm)
1.0 0.5 0.0
H (ppm)

Fig. 1. The structure of HtrA2. (A) The domain organization of the mature
form of HtrA2. (B) The crystal structure of HtrA2 (PDB ID: 1LCY) with trimeric
(Left) and protomeric (Right) structures displayed. The protease domain
(residues 134 to 345) is colored pink, and the PDZ domain (residues 359 to
458) is colored blue. Electron density for residues 282 to 290 (the linker
connecting p-8 and $-9) and 344 to 358 (interdomain linker) is not observed;
these regions are shown with dotted lines. Catalytic triad residues 198, 228,
and 306 are shown as red sticks with S306 mutated to Ala in this study. (C)
3C-"TH HMQC methyl-TROSY spectrum of U-2H, proR ILVM S306A HtrA2
recorded at 23.5 T (1-GHz 'H frequency) and 50 °C in low-salt buffer
(0 mM Nadl).

domains form the base, with the interprotomer trimer contacts
mediated by the protease domains (Fig. 1B) (24). The catalytic
triad of the protease domain is formed by H198, D228, and S306
(replaced with Ala in the crystal structure), and substrate access
to the catalytic triad is restricted by stacking of the intraprotomer
PDZ—protease domains to form a closed structure that is thought
to represent an inactive conformation (3). It had been originally
proposed that the binding of substrate opens up the domain
interface to expose the catalytic center (24). Subsequent bio-
chemical studies focusing on the temperature dependence of
HtrA2 activation have been interpreted as suggesting that
structural rearrangements occur at temperatures above the
physiological range (>37 °C), leading to reorientation of PDZ~
protease interfaces and an increased exposure of the catalytic
sites without the requirement for binding of substrates (3, 25,
26). This model raises the question of how proteolytic activity of
HtrA2 is regulated so that nontarget proteins are not cleaved, for
example. Additionally, what then is the functional role of the
PDZ domains that are reported to be involved in substrate
binding and also in the allosteric regulation of the catalytic ac-
tivity of the protease domains (9, 27, 28)?

Another layer of regulation of the HtrA protease family is the
formation of higher-order oligomers of various sizes, such as 6-,
12-, and 24-mers, composed of trimers as the basic oligomeric
unit. It is thought that environmental conditions and/or binding
of substrate molecules induces the formation of these higher-
order architectures (29) that are important in the regulation of
and in the switch between chaperone and proteolytic activities.
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These higher-order oligomeric structures and the regulatory
mechanisms underlying their formation have been extensively
characterized using the bacterial HtrA homologs, DegP and
DegQ. A diverse set of higher-order structures of DegP and
DegQ has been solved by crystallography and electron cry-
omicroscopy, revealing the interactions between protease and
PDZ domains that mediate the formation of higher-order olig-
omers (30-35). Higher-order structures have been similarly
reported in a human HtrA protease, HtrAl (36); however, very
little is known about them or what the physiological implications
of oligomerization might be in this case. Biochemical studies of
purified HtrA2 proteins have revealed that the canonical form of
HtrA2 is a trimeric state, and, to the best of our knowledge, all
crystal structures solved to date show the canonical trimer con-
figuration (37-39). Possible oligomeric pathways for HtrA2 and
their potential roles in mediating substrate binding and proteo-
Iytic activity remain unknown.

Here, we have explored the structural dynamics of the HtrA2
protease, including the kinetics and thermodynamics of oligo-
merization and substrate binding, using methyl-transverse re-
laxation optimized spectroscopy (methyl-TROSY)-based
NMR (40, 41), which is particularly beneficial for studies of
high-molecular-weight protein complexes, in combination
with small-angle X-ray scattering (SAXS) and peptidase activity
assays. Our results show that HtrA2 exchanges between the ca-
nonical trimeric conformation and a previously unobserved
hexameric state, with both conformations in a closed, substrate-
inaccessible form, leading to low basal activity. We provide
strong evidence that HtrA2 catalytic centers only become ex-
posed when hydrophobic activator peptides bind the PDZ do-
mains, resulting in the opening of protease-PDZ domain
interfaces and ensuring that HtrA2 specifically binds to and
cleaves substrates harboring the required hydrophobic recogni-
tion sequence. A quantitative analysis of the thermodynamics
and kinetics of oligomerization and substrate binding establishes
that the hexameric state exhibits much lower binding affinity
toward the substrate than the trimer, suggesting that hexameri-
zation may prevent excess binding of substrates to the enzyme. In
this way, HtrA2 activity can be tightly coupled to the oligomer-
ization status of the enzyme and to substrate binding, preventing
the uncontrolled cleavage of proteins that are essential for
proper cellular function.

Results

Characterization of the Oligomerization State of HtrA2. Size-
exclusion chromatography elution profiles of HtrA2 reported
in the literature are consistent with the formation of a homo-
trimeric assembly, as observed in the crystal structure of HtrA2
(24, 25). The formation of higher-order HtrA2 structures has not
been described so far. However, since other HtrA proteases have
been reported to form high-order oligomers (29), we sought to
characterize the oligomeric state of HtrA2 further in solution
using NMR spectroscopy. To this end, we expressed and purified
a mature form of the enzyme (residues 134 to 458, hereafter
referred to as full length) and also mutated a catalytic residue,
S306, to Ala to suppress the autocleavage reaction that occurs at
the high protein concentrations required for NMR studies.
Samples of S306A HtrA2 were prepared with '*CHj labeling at
Ile-81, Leu-61 gproR) Val-yl (proR), and Met-¢ positions (re-
ferred to as U-"H, proR ILVM-13CH3 labeling) in an otherwise
deuterated background, and '*C-'H heteronuclear multiple-
quantum coherence (HMQC) spectra that exploit the methyl-
TROSY principle were recorded (Fig. 1C and SI Appendix,
Fig. S1) (40, 42, 43). We obtained complete assignments of these
methyl groups (22/22 Ile-81, 28/28 Leu-61, 37/37 Val-y1, and 5/5
Met-¢) by combining mutagenesis with analyses of nuclear
Overhauser effect spectroscopy (NOESY) spectra taking ad-
vantage of the crystal structure of HtrA2 (Protein Data Bank
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[PDB] ID: 1LCY) (24). To investigate HtrA2 oligomerization,
we initially compared HMQC spectra collected at a series of
protein concentrations in a buffer with no added NaCl (0 mM
NaCl) designed for optimal NMR signal sensitivity. Notably, a
pair of peaks were observed for some methyl probes and their
relative intensities varied as a function of total protein concen-
tration, pointing to slow exchange between different oligomeric
states on the NMR chemical shift timescale. We refer to
the major state observed at a high protein concentration as the
high-molecular-weight state (H) and the minor state as
the low-molecular-weight state (L) since increasing protein
concentrations drive self-assembly processes toward higher-order
states at equilibrium (Fig. 24). In order to confirm that the
formation of the H state also occurs under more physiological
ionic strengths, we recorded an additional spectrum of HtrA2 in
the presence of 120 mM NaCl (“high” salt buffer), noting an
increase in the population of the H state relative to what is ob-
served at low salt buffer (0 mM NaCl). In addition, during the
assignment process, we found a mutant, 1441V, where the
equilibrium is highly skewed toward the L state in low-salt buffer
(Fig. 2A4). Since this mutation is within a region of the PDZ
domain where higher-order oligomeric interactions are known to
occur in other HtrA proteases (31, 32), it may be that the PDZ
domain mediates higher-order assembly of HtrA2 as well. To
more robustly define the oligomeric states of HtrA2, we turned
to SAXS (Fig. 2B), which can provide estimates of the apparent
molecular weights of macromolecules in solution. First, we per-
formed measurements on S306A HtrA2 at 5 mg/mL (143 pM)
protein concentration, 120 mM NaCl, where the H state was
expected to be dominant based on our NMR data. A molecular
mass for the S306A HtrA2 mutant under these conditions of
186 kDa was obtained [97.2% credibility interval ranges from
163 to 195 kDa, as estimated from the Bayesian inference ap-
proach (44)]. The apparent molecular mass of S306A HtrA2 at
0 mM NaCl (147 kDa, 97.2% credibility interval ranged from 134
to 163 kDa) was smaller than that obtained at high salt. Taken
together, these data provide strong evidence that the H and L
states correspond to hexameric (210 kDa) and trimeric (105
kDa) conformers, respectively, based on a monomer molecular
mass of 35 kDa and the fact that the S306A mutant exchanges
between H and L states as a function of protein concentration,
with a shift toward H as the amount of salt and protein increases.
Further support of this assignment derives from molecular mass
measurements of the S306A/1441V mutant, which predominantly
adopts the L state (Fig. 24). Values of 91 kDa (92.8% credibility
interval from 84 to 99 kDa) and 109 kDa (93.6% credibility in-
terval from 103 to 122 kDa) were obtained in low- and high-salt
buffer, respectively, corresponding to a trimeric form of HtrA2
(105 kDa) (Fig. 2B). Thus, HtrA2 exchanges between hexameric
and trimeric states in solution.

In order to characterize the thermodynamics of the trimer—
hexamer equilibrium, we recorded two-dimensional NMR ex-
periments at different total protein and salt concentrations
(Fig. 2C). Using the relative populations of hexamer and trimer
obtained from NMR peak intensities that were first corrected for
transverse relaxation of magnetization during delays in pulse
sequences (SI Appendix), the association constants (Kj,) at 0 and
120 mM NaCl, 40 °C, were calculated to be 5.2 + 0.2 x 10* M~
and 2.9 + 0.1 x 10° M, respectively. We also measured the
kinetics of interconversion at 0 mM NaCl, 40 °C, by recording a
ZZ-exchange dataset (Fig. 2D) (45, 46). The trimer-association
(kon) and the hexamer-dissociation (k.g) rate constants were
calculated to be 5.1 £ 0.6 x 10° M™' - s7! and 9.0 + 1.1 57},
respectively, by fitting the decay of the diagonal peaks and the
buildup of exchange peaks to equations that were derived on the
assumption of a trimer-hexamer oligomerization process (47)
(SI Appendix). The ratio of these two rates provides an orthog-
onal measure of the apparent trimer—hexamer association constant
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(5.6 = 0.2 x 10* M™"), which is in good agreement with the value
obtained from relative peak intensities as a function of protein
concentration.

Structural Characterization of the HtrA2 Hexamer and Trimer in
Solution. To identify the intertrimer binding interface in the
HtrA2 hexamer, we analyzed methyl chemical shift changes be-
tween hexameric and trimeric states of S306A HtrA2, which
were calculated as the difference between the chemical shifts
measured in spectra of high- (505 uM) and low-concentration
(12 uM) samples. The largest chemical shift differences were
exclusively observed on strands $-17 and p-18, which are located
in the C-terminal region of the PDZ domain, suggesting that
they form the binding interface in the hexamer (Fig. 3 A and B
and SI Appendix, Fig. S2A4). This result is also consistent with the
observation that the 1441V mutation, located on the p-18 strand,
disrupts hexamer formation (Fig. 2B). To further establish the
importance of this region, we mutated Y451, located on p-18,
whose side chain is directed toward the solvent in the trimer and
hence expected to be involved in the hexamerization interaction.
This tyrosine residue is conserved in the bacterial HtrA (DegP)
enzyme, and mutation of the corresponding residue, Y444, is
known to disrupt the formation of higher oligomeric states (33,
48). We prepared a Y451R/S306A mutant of HtrA2 and mea-
sured the ">C-"H HMQC spectrum of it at a monomer concen-
tration of 100 pM in the low-salt buffer (0 mM NaCl), where the
fractional population of the hexameric state is ~60% in the
S306A mutant (Fig. 2C). We observed only trimer-state cross-
peaks in the Y451R mutant (Fig. 3C), indicating suppression of
the hexamer and establishing the importance of the side chain of
Y451 in hexamerization.

In order to build a structural model of hexameric HtrA2, we
first sought to characterize the arrangement of protease and
PDZ domains in the complex, as their flexibility and orientation
were suggested to be important in the formation of 6-, 12-, and
24-mer structures of the bacterial DegP and DegQ homologs
(30, 49). To this end, we analyzed methyl-methyl NOEs in
spectra of S306A HtrA2 to examine whether the interdomain
contacts found in the crystal structure are also formed in solu-
tion. At a monomer concentration of 300 pM at 50 °C with 0 mM
NaCl, the fractional populations of hexamer and trimer are es-
timated to be ~80 and ~20%, respectively. A set of interdomain
NOEs were observed linking methyl groups from M323, V325,
and 1329 (protease domain) with 1373 and M365 (PDZ), which
were in agreement with the crystal structure of the trimer, sug-
gesting that the HtrA2 hexamer adopts a closed conformation in
which the protease and PDZ domains form similar interdomain
contacts to those observed in the crystal structure (SI Appendix,
Fig. S34). Similarly, the NOE patterns observed in NOESY
spectra of the 1144V trimer mutant, showing contacts between
protease and PDZ domains, are also consistent with expectations
based on the X-ray structure.

In order to probe relative domain motions, we measured
S?.isTe values, where S%. and 7. are the order parameter
squared and the rotational correlation time of a methyl group
symmetry axis (50), respectively, by analyzing the buildup of
methyl 'H triple-quantum coherences using an HtrA2 sample
that was predominantly hexameric (~80%, see above). If the
tumbling of the PDZ and protease domains are decoupled,
Szaxisrc values measured for probes in the (smaller) PDZ domain
would be expected to be lower than those in the protease do-
main, assumin; a similar distribution of $2, values. However,
the average S<.xistc values for the protease and PDZ domains
were 44 + 22 ns and 40 = 18 ns (average = one SD), respectively,
indicating that the overall tumbling of the domains is coupled
and that additional flexibility of the PDZ domain is not observed
(SI Appendix, Fig. S3 B and C). We also analyzed the 1441V/
S306A trimeric mutant, and the average S2.isTe values for the
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Fig. 2. Oligomerization of HtrA2. (A) The changes in V396- and V452-y1 peak intensities in '>C-'"H HMQC spectra of S306A HtrA2 as a function of total
protein monomer concentration, Cy, and NaCl concentration (navy). The V396 and V452 correlations from 1441V/S306A HtrA2 are also displayed (green). The
"H 1D projections that trace the maximum intensities in the displayed regions are shown. The apparent discrepancies in H-state/L-state ratios for V396 and
V452 are mainly attributed to differences in transverse relaxation rates between H and L states, which are corrected for in subsequent analyses. (B) The
molecular masses of S306A and 1441V/S306A HtrA2 by SAXS. The error bars represent the credibility interval estimated from the Bayesian inference approach
(44). (C) Plots of fractional populations of hexameric (navy) and trimeric (orange-red) states calculated from signal intensities corrected for relaxation effects
during the experiment and fitted (dotted line), as described in S/ Appendix, to extract the trimer-hexamer association constants as shown. The fractional
populations of the trimeric and hexameric states are given by 3[Ps]/C and 6[Pgl/Cr, respectively, where Cr denotes the total monomeric protein concentration
and [P3] and [Pg] are the molar concentrations of trimeric and hexameric HtrA2, respectively (Gt = 3[Ps] + 6[Pg]). The values from four different methyl
correlations (L377, V396, 1416, and V452 for 0 mM NacCl; V396, 1416, L437, and L450 for 120 mM NaCl) were averaged, with the error given as one SD. (D)
Planes from the two-dimensional ZZ-exchange experiment ([NaCl] = 0 mM) monitoring the trimer—hexamer equilibrium, along with profiles of diagonal and
averaged cross-peak signal intensities as a function of the mixing time. Fitted trimer association (k,,) and dissociation (ko) rates are displayed. The dotted
lines are fitted curves whose thickness (light color) reports the 95% Cls estimated from a Monte Carlo error analysis (64). All NMR datasets were recorded at

23.5 T, 40 °C, with SAXS measurements at 40 °C.

protease and PDZ domains were calculated to be 33 + 16 ns and
30 = 13 ns, respectively. Note that the overall 82 e distribution
of the 1441V trimer mutant was not exactly half that of the
S306A mutant since ~20% of the S306A protein is trimeric,
while a small fraction of the trimeric 1441V/S306A mutant pre-
sumably forms a hexamer at the high concentration and high
temperature (300 uM, 50 °C) used to perform these experiments.
Taken together, the NOE and dynamics data support the pres-
ence of strong interactions between PDDZ and protease components

40f 12 | PNAS
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that are conserved between the hexameric and trimeric states (S/
Appendix, Fig. S3C).

Our NMR measurements indicate that the solution structure
of HtrA2 is in a closed form, stabilized by interdomain contacts
that are consistent with the known crystal structure, and that the
domain arrangement is preserved between trimeric and hex-
americ states. We therefore modeled the structure of the hex-
americ form of HtrA2 by using a rigid-body docking approach
based on the crystal structure of the trimer. In order to ascertain
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replicated by the back calculations assuming a structural en-

A 82 : |:(448 semble composed of HtrA2 hexamers and trimers whose volume
€ fractions varied with protein concentration (SI Appendix, Fig.
8 0.4 1 >0.27 ppm S4C). The hexamer structure so obtained has a barrel-like shape
o 0.3 1 : stabilized by intertrimer PDZ-PDZ interactions, with the bind-
«» 02 1 ing interface composed of the C-terminal $-17 and -18 strands
o 0-(1) 1.1 . | of each trimer that includes Y451 (Fig. 3D).
1 - H - 4 Binding of an Activator Peptide Opens Up the Protease-PDZ Domain
Protease domain PDZ domain Interface and Stabilizes the Trimer. In the absence of substrates, the
B Protease C.S.P>0.27 ppm major conformation of HtrA2 in both hexameric and trimeric
domain , forms is closed (i.e., substrate inaccessible), stabilized by inter-

@)

1441 ppz domain

La07 V396G

S306A  Y451R/S306A D Red: methyl carbon with C.S.P.

domain contacts. It has been reported that the binding of hy-
drophobic peptides to the PDZ domain (53, 54) enhances
proteolytic activity of HtrA2 (55), yet it is not clear how this is
accomplished without significant structural rearrangements. In
order to investigate how this might occur, we designed and
prepared an eight-amino-acid activator peptide, DDGQYYFV
(hereafter referred to as DD-PDZopt), in which two aspartic
acids were attached at the N terminus of a previously used se-
quence, GQYYFV (55), to increase its solubility. We confirmed
that the addition of DD-PDZopt greatly enhances peptidase

(100 uM) (100 pM) Green: Y451 Ca activity toward a fluorescent substrate peptide (Fig. 44) whose

25.0 cleavage rate as a function of DD-PDZopt concentration was
= L377 L% sg%‘;ﬁf © S well fit to a standard one-site binding model with an apparent a
8 o\ Vi e PR microscopic dissociation constant for DD-PDZopt of 81.7 £ 0.5 %
0255 * PDZ (g Ve pM at 40 °C. Notably, the cleavage rate in the fully bound form, g
< 6mer 3mer| |6mer 3me ¢ ,52 ! 0.32 = 0.02 nM substrate s~' (nM HtrA2)™, is much larger than S
0.35 0.30 0.25 0.35 0.30 0.25 PR the basal cleavage rate in the absence of DD-PDZopt, which was =

1476 very slow and difficult to measure experimentally. This suggests

that the peptidase activity is maintained at a low level in the

08 07 08 07
H (ppm)

Fig. 3. Structural characterization of hexameric HtrA2. (A) Methyl chemical
shift perturbations (CSPs) in spectra of trimeric and hexameric HtrA2 states,

calculated as AS = y/(Ady/a)® + (Adc/B)°, where A8y and Adc are shift

differences in 'H and "3C dimensions, and « and p are the SDs of 'H and '3C
chemical shift distributions deposited in the Biological Magnetic Resonance
Data Bank (a = 0.282 and 8 = 1.646 for lle; @ = 0.273 and g = 1.582 for Leu;
a=0.259 and = 1.358 for Val; and o = 0.387 and 8 = 1.736 for Met). Methyl
groups with CSPs > 0.27 ppm (=mean + 2 X SDs) are highlighted in orange.
(B) Methyl groups with significant CSPs are shown on the trimeric crystal
structure of HtrA2 (PDB ID: 1LCY) (Left) and on one of the protomers (Right).
The proR ILVM methyl carbons are shown as spheres. (C) Selected regions of
13C-"H HMQC spectra of 100 uM (monomer) S306A and Y451R/S306A HtrA2,
highlighting L377 and 1416. The "H 1D projections that trace the maximum
intensity in the displayed region are shown for L377. (D) Structural model of
hexameric HtrA2 based on NMR and SAXS analyses. Strands p-17 and p-18
are in dark red, and Y451 C-a is shown as a green sphere. Methyl groups with
CSPs > 0.27 ppm are indicated in red. All NMR datasets were recorded at 23.5
T, 40 °C, in low-salt buffer (0 mM Nacl).

the overall arrangement of the two trimers in the hexamer, we
recorded SAXS profiles of HtrA2 as a function of protein con-
centration (1, 2, 5, and 10 mg/mL; SI Appendix, Fig. S4 A-C).
Our analysis, using the docking program SASREFMX (51, 52),
takes into account that some of the protein in solution is tri-
meric, as expected from the moderately weak hexamerization
affinity, especially at the lower temperature (23 to 26 °C) used to
reduce radiation damage in the SAXS experiments. The SAXS
profiles were globally fit along with the constraint that the C-a
atom of Y451 is within 7 A of at least one C-a atom of the second
trimer unit, as suggested from mutagenesis of Y451, showing that
it is involved in hexamerization. These SAXS profiles were nicely
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absence of the activator peptide, as expected from the closed
conformation of the enzyme under these conditions.

We then measured the *C-'H HMQC spectrum of S306A
HtrA2 in the presence of 1 mM DD-PDZopt, where the enzyme
is nearly fully bound, and compared it with the dataset obtained
in the absence of peptide (Fig. 4B). Notably, most of the methyl
signals showed chemical shift changes and some were broadened
beyond detection, presumably reflecting conformational het-
erogeneity and/or microsecond-to-millisecond timescale ex-
change processes. The affected residues are mainly located at the
interface between the protease and PDZ domains as well as in
the PDZ domain peptide-binding cleft formed by strand p-14 and
the o-5 and a-7 helices. This latter region was identified in the
crystal structure of an isolated PDZ domain of HtrA2 as the
binding site of a hydrophobic hexapeptide (Fig. 4C) (56).

Since the peptide-binding cleft in the PDZ domain is occluded
by the protease domain in the crystal structure of the HtrA2
trimer, it has been proposed, but not proven, that dissociation of
the PDZ and protease domains must occur to accommodate
substrate and expose the catalytic center (24, 26, 55). To test this
hypothesis, we compared the *C-'H HMQC spectrum of the
peptide-bound state of S306A HtrA2 with that of the isolated
protease domain (residues 134 to 348) (Fig. 4D). Notably, the
observed chemical shift differences between probes in the free
and bound states in S306A HtrA2 were similar to those observed
between the free state and the isolated protease domain, sug-
gesting that the structure of the protease domain in the context
of the full-length, bound enzyme is similar to that in the isolated
protease domain and, furthermore, that the tightly packed PDZ
domain dissociates from the protease in each protomer upon
binding peptide.

In the presence of a saturating amount of DD-PDZopt
(1 mM), a subset of the methyl probes gave rise to two peaks
with relative intensities that appeared to change as a function of
protein concentration, suggesting that HtrA2 exchanges between
peptide-bound hexamer and trimer forms (SI Appendix, Fig.
S2 B and C), much like the apoenzyme. Although comprehensive
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Fig. 4. NMR characterization of DD-PDZopt binding. (4) Plot of cleavage rate of fluorescent substrate peptide as a function of [DD-PDZopt]. Data points are
average * one SD based on three repeat measurements, fit to a standard one-site binding model (solid line; see S/ Appendix). (B) An overlay of the lle region
of '*C-"H HMQC spectra of 150 uM (monomer) U-2H, proR ILVM S$306A HtrA2 in the absence (navy) and in the presence of 1 mM DD-PDZopt (pink). (C)
Mapping of IM methyl groups (spheres) with significant CSPs (magenta) or signal broadening (orange) onto a HtrA2 protomer (PDB ID: 1LCY). A top view of
the PDZ domain looking down to the peptide-binding cleft is also shown (Right). The inset shows the crystal structure of the isolated PDZ domain of HtrA2 in
complex with peptide (WTMFWV; PDB ID: 2PZD). (D, Left) An overlay of the Ile region of '*C-"H HMQC spectra of 150 uM (monomer) U-H, proR ILVM S306A
HtrA2 (residues 134 to 458) (navy) and 80 pM (monomer) U-2H, ILVM S306A HtrA2 protease domain (residue 134 to 348) (turquoise) in the absence of DD-
PDZopt. (D, Right) Expanded views of overlays of spectra of S306A HtrA2 in the absence (navy) and in the presence of 1 mM DD-PDZopt (pink) and of S306A
HtrA2 in the absence of peptide (navy) and of the protease domain (turquoise), focusing on methyl peaks from 1150 (D1) and 1164 and 1274 (D2). All of the
NMR datasets were recorded at 23.5 T, and 40 (HtrA2) or 35 °C (protease domain), with the peptidase assays at 40 °C in low-salt buffer (0 mM Nacl).

assignments of Leu and Val methyl probes were not available
due to severe line broadening and overlap in the bound state, it
could be concluded that the chemical shift differences between
the hexamer and trimer cross-peaks in the bound state were
small (<0.05 ppm in the 'H dimension), indicating similar
structures for the two bound oligomeric conformations of HtrA2
(SI Appendix, Fig. S2 B and C). We assigned trimer—hexamer
cross-peak pairs for L369-81, V387-y2 (in this case using a
nonstereospecifically U-H- and ILVM-">CH;-labeled sample),
and Met420 methyl groups in the peptide-bound state by mu-
tagenesis and then estimated the association constants of hex-
amerization in the bound state at low- (0 mM NaCl, 1 mM DD-
PDZopt) and high-salt (120 mM NaCl, 1 mM DD-PDZopt)
concentrations at 40 °C, using the relative populations of hex-
amer and trimer as a function of total protomer concentration.
Notably, the trimer—hexamer association constants in the peptide
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bound state at 0 and 120 mM salt were calculated to be 3.0 +
0.2 x 10> M~ and 6.9 + 0.2 x 10* M}, respectively, which are
17- and 4.2-fold weaker than for the corresponding association
reactions in the peptide-free state, indicating that the binding of
the DD-PDZopt weakens the trimer—hexamer affinity (SI Ap-
pendix, Fig. S2D).

The Activator Peptide Preferentially Binds to Trimeric HtrA2. To es-
tablish the binding mechanism of DD-PDZopt with HtrA2, a
series of ?C-"H HMQC spectra was recorded as a function of
peptide concentration and peaks reporting on the trimer and
hexamer states quantified in the absence (Fig. 54) or in the
presence of 120 mM NaCl (SI Appendix, Fig. S5). Here, we fo-
cused on three methyl probes, 1362, 1377, and M420, chosen
because they give rise to reasonably well-resolved signals that
report on the four oligomeric species of interest, namely, the free
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Fig. 5. Thermodynamics of DD-PDZopt binding to HtrA2, 0 mM NaCl. (A) '*C-"H HMQC spectra of 150 uM (monomer) U-2H, proR ILVM S306A HtrA2 at three
DD-PDZopt concentrations from a titration series focusing on 1362, L377, and M420 methyl probes, 40 °C. Peaks from peptide-free/bound protomers within
the context of trimers and hexamers are noted. (B) Plots of the fractional populations of free and bound protomers within the context of trimers and
hexamers, as indicated, calculated from signal intensities of 1362, L377, and M420 (symbols) and described in the S/ Appendix. The solid lines are the fitted
curves calculated using the thermodynamic model in C. The 95% Cl of each fitted curve is contained within the thick line estimated from Monte Carlo error
analyses. (C) The thermodynamic model used in the fits of the titration data of DD-PDZopt binding to HtrA2. The factors 3 and 1/3, associated with mi-
croscopic association constants K, and Ky, take into account the fact that there are three ways of binding L to P; and three ways of dissociating PsL3 to PsL;.
The fitted K; values are listed. (D) The fractional concentration of each chemical species as listed in C as a function of [DD-PDZopt] calculated using fitted
equilibrium constants (dark line; thickness corresponds to 95% Cl estimated from a Monte Carlo error analysis). The fractional values were calculated as

indicated in the figure, with Cr = 6[P5] + 3[P3] + 3[P3L] + 3[P3L2] + 3[P3L3] + 6[P5L6]

and bound trimeric and hexameric states. As can be seen in
Fig. 54, separate cross-peaks are not observed for each of the
many possible permutations of bound and partially bound states,
Ps;L; (j €1 to 3) and PeL; (i € 1 to 6), where P3 and P denote
trimeric and hexameric HtrA2, respectively, and L is the peptide
ligand. For example, two resolved signals were observed for 1362,
derived from protomers that are either bound to DD-PDZopt or
are unoccupied, regardless of the oligomerization status of
HtrA2. L377 gives rise to a pair of peaks from P; and Ps (one
each) and one peak reporting on the ligand-bound protomers in
both the trimeric and hexameric states. Finally, a single peak is
observed for M420, reporting on both P; and Py, as well as a pair
of correlations that can be assigned to ligated protomers in the
trimeric and hexameric states (one each). These assignments
were based on HtrA2 dilution experiments in the presence and
absence of DD-PDZopt, monitoring changes in peak intensities
as a function of protein concentration, as well as on an analy-
sis of magnetization exchange datasets which correlate peaks

Toyama et al.
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between free and ligand-bound oligomers (see below). A number
of assumptions are critical in the analysis of our data. First, when
only a single “bound” peak was observed, as was the case for the
majority of methyl groups (e.g., 1362 and L377 in Fig. 54), it was
assumed to originate from ligated protomers in both trimers and
hexamers, as only a single correlation persisted as a function of
protein concentration. In a small number of cases (e.g., M420 in
Fig. 54), bound peaks were split into pairs whose relative in-
tensities varied with protein concentration, facilitating assign-
ment to ligated protomers in either the trimer or the hexamer
(see 1D traces of Inset in Fig. 54). It is worth emphasizing that a
single partly ligated chemical species gives rise to both bound
and free peaks in spectra. As we will establish in the context of
the binding model described below, the notation “Bound” and
“Free” used in Fig. 54 denotes peaks derived from either ligated
or unligated protomers, respectively, within the context of an
ensemble of unligated, partly ligated, and fully ligated chemical
species in solution. Second, as distinct resonances for unbound
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and bound protomers within each of the partly ligated trimeric
and hexameric states were not observed (i.e., the chemical shift
of a methyl probe in a protomer appears to be independent of
the occupancy of other subunits in the oligomer), in what follows,
we have assumed that the intensities of an “unbound” and
“bound” peak from the trimer state, for example, are propor-

2 3
tional to ),(3 —j)[P3L;] and Y j[P3L;], respectively.
Jj=0 j=1

Fig. 5B shows HtrA2/DD-PDZopt titration profiles for 1362,
L377, and M420 (40 °C, 0 mM NaCl and 150 uM HtrA2 subunit
concentration). A number of important points can be made from
inspection of the raw data. First, the concentration of unbound
protomers within the trimeric ensemble (PsL;) increased slightly
up to 100 pM in peptide followed by a subsequent decrease
(L377), while the concentration of unligated protomers within
the hexamer decreases rapidly to zero at ~200 uM (L377).
Second, the concentration of bound protomers associated with
trimers increases steeply up to 400 pM in peptide (M420), sub-
sequently leveling off, while the concentration of the bound
hexamer remains close to zero until 400 pM when it starts to
slowly increase (M420). Taken together, our data establish the
following: 1) peptide binds preferentially to the trimeric state; 2)
free hexamers dissociate to provide free trimers as DD-PDZopt
binds to the trimer, since there is a rapid decrease in the free
hexamer population, coupled with a relatively constant pop-
ulation of unbound protomers within the trimers at low peptide
concentrations; and 3) bound hexamer is formed by the dimer-
ization of the bound trimer because the bound hexamer is
formed only at later titration points where the population of the
bound trimer is relatively large.

We considered a number of different binding models to ac-
count for the titration data. These included a Hill-type model
with infinite positive cooperativity, such that all three DD-
PDZopt molecules bind simultaneously to the HtrA2 trimer
(SI Appendix, Fig. S64, Model 1). A second model incorporated
stepwise ligand binding to the trimer, where it was assumed that
binding occurs in a noncooperative manner (SI Appendix, Fig.
S6B, Model 2). In both cases, oligomerization was included by
introducing free and bound trimer—-hexamer equilibria. Neither
model was able to fit the data well, as could be easily ascertained
by visual inspection (SI Appendix). We were able to obtain rea-
sonable fits of our data by assuming the binding model illustrated
in Fig. 5C in which L binds to P; in a stepwise fashion with
different microscopic association constants, K, to K, in addition
to K; and K, the trimer-hexamer association constants in the
free and fully ligand-bound states, respectively (Fig. 5B, solid
lines, and SI Appendix, Fig. S6C, Model 3). The residual sum of
squares of the deviation between experimental and fitted inten-
sities normalized to v, the difference between the number of data
points, and the number of the fitting parameters was 8- and 2.6-
fold lower than SI Appendix, Fig. S6 A and B, Models 1 and 2,
res4pectively. Notably, the obtained K; and K values (6.2 + 0.7 x
10* M~" and 1.5 + 0.2 x 10> M™") were in agreement with as-
sociation constants obtained from the dilution experiments
(52+02x 10* M~" and 3.0 £ 0.2 x 10> M™"), cross-validating
the NMR measurements. The microscopic binding affinities (K5,
K;, and Ky) in the model of Fig. 5C were found to follow the
relation K (2.7 + 0.4 x 10* M~ > K5 (1.0 £ 0.3 x 10* M) > K,
(5.8 £ 1.1 x 10> M), pointing to positive cooperativity in the
stepwise binding reaction where each subsequently associating
ligand binds approximately two- to threefold more tightly than
the previous one.

The rapid increase in the concentration of bound trimer and
the slow growth of the bound hexamer population after a sub-
stantial lag indicates a strong preference for binding of DD-
PDZopt to trimeric HtrA2 (M420 of Fig. 5B), as described
above. Our preferred model is therefore one that does not
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involve substrate binding to Ps (Fig. 5C). However, as a control,
we have also fit the observed populations to a more complicated
model that includes binding of one or two ligands to P4 to form
P¢L and PgL, (SI Appendix, Fig. S74, Model 4) in addition to the
other steps indicated in Fig. 5C. There is no improvement in fit
with the more complex model (SI Appendix, Fig. S7B), the mi-
croscopic affinity for binding the first ligand to Ps was close to
sixfold weaker (1.3 + 0.7 x 10° M™") than to the trimer (7.3 £
1.4 x 10> M), and the association constant for the second
binding event to the hexamer was found to be ~0 M~'. In ad-
dition, the maximum value for the fraction of protomers asso-
ciated with the one ligand-bound hexamer (PsL), 6[PsL]/Cr,
where Cr is the total concentration of protomers, was found to
be about 10%, with most of the bound population explained by
ligated trimer states (PsL, P3L,, and P;L3) (SI Appendix, Fig.
S7C). Thus, the fully bound hexameric form of HtrA2 (PeLe) is
formed through the dimerization of the fully bound trimer, P5L;,
with direct binding of ligands to hexamers occurring only very
weakly. Ligand binding to HtrA2 is modulated, therefore, by the
relative populations of trimers and hexamers. Fig. 5D plots the
fractional concentrations of each of the chemical species in the
binding model of Fig. 5C as a function of [DD-PDZopt], defined
as the concentration of protomers in a given state divided by the
total concentration of available protomers.

We have repeated the titration described above using a more
physiological ionic strength ([NaCl] = 120 mM). Values of K5,
K5, and K, were very similar to the association constants
obtained for [NaCl] = 0 mM (see SI Appendix, Fig. S5 for de-
tails), indicating that peptide-binding affinity is relatively insen-
sitive to the solution ionic strength. This conclusion is supported
from a comparison of peptidase activities at low- and high-salt
concentrations ([NaCl]= 0 mM and 120 mM), showing similar
apparent Ky values for DD-PDZopt binding (81.7 = 0.5 uM,
Fig. 44, and 67 £ 23 pM, SI Appendix, Fig. S5E). Finally, the
trimer—hexamer association constants are markedly increased in
response to high salt (Fig. 2C and SI Appendix, Fig. S2D).

Kinetics of Activator Peptide Binding to Trimeric HtrA2. As the NMR
titration experiments strongly indicated preferential binding of
DD-PDZopt to the HtrA2 trimer, we sought to further investi-
gate the binding process through kinetic measurements. Here,
we focused on the V452-y1 methyl probe since it has well re-
solved '*C chemical shifts for unbound protomers in the hexamer
(peak referred to as Free 6-mer), in the trimer (Free 3-mer), and
for bound protomers of the trimer (Bound 3-mer), as shown in
Fig. 64, that is critical for the analysis of our kinetic data (see
below). Rates of interconversion between states were obtained
from an analysis of three-dimensional *C[t,]-t,,,,-">C[t2]-"H[t3]
ZZ-magnetization exchange experiments (SI Appendix, Fig.
S84), in which the evolution of '*C-'"H longitudinal two-spin
order is monitored as a function of a mixing period (¢,) placed
between two *C frequency labeling periods (denoted as [¢;] and
[t2] above). Under the conditions of our experiment, where HtrA2
and DD-PDZopt concentrations were 160 pM (monomer con-
centration) and 100 pM, respectively (40 °C, 0 mM NaCl), the
bound hexamer fractional population is expected to be very small
(<0.1%, based on the equilibrium constants derived from our ti-
tration data, Fig. 5) and can be safely ignored in the subsequent
analysis.

With #,;x = 50 ms, exchange cross-peaks connecting Free
6-mer and 3-mer as well as Free 3-mer and Bound 3-mer were
observed (Fig. 6B). Notably, exchange cross-peaks between Free
6-mer and Bound 3-mer were below the noise floor, consistent
with the proposed thermodynamic model of Fig. 5C. We have
verified that only the exchange cross-peaks observed in Fig. 6B
are present by examining the full spectrum over the complete 1*C
chemical shift range (SI Appendix, Fig. S8B). In order to obtain a
quantitative description of the kinetics of DD-PDZopt binding,
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Fig. 6. Kinetics of DD-PDZopt binding to HtrA2. (A) Regions of '*C-'H HMQC spectra of U-2H, proR ILVM S306A HtrA2 obtained with three different HtrA2
concentrations, with and without 1 mM DD-PDZopt, focusing on the V452-y1-methyl probe at 40 °C and 0 mM NaCl. Chemical shifts of unligated protomers in
the hexamer (free hexamer, light blue), unligated protomers in the trimer (free trimer, blue), and ligated protomers in the trimer (bound trimer, light pink)
are indicated with dotted lines. (B) Three-dimensional (3D) ZZ-exchange experiment ("3t ]-(tmin)-3ClE,1-HIEs]) focusing on the V452-y1-methyl. The two-
dimensional "3C [F;]-'3C [F.] planes highlighted (mixing times of 2 and 50 ms) were constructed by the addition of a series of planes with 'H frequencies
extending between 0.546 ppm and 0.647 ppm that covers the entire 'H chemical shift range of the different HtrA2 states shown in A. The sample is composed
of 160 pM (monomer) U-2H, proR ILVM S306A HtrA2 and 100 pM U-?H labeled DD-PDZopt, 0 mM Nadl, 40 °C. (C) Kinetic model used to describe binding of DD-
PDZopt to HtrA2, where microscopic peptide binding affinities are assumed to be the same for all three binding events. Values obtained from fits of the Zz-
exchange data are listed (S/ Appendix). (D) Plots of diagonal and cross-peak signal intensities in the 3D ZZ exchange dataset as a function of the mixing time.
Intensities of cross-peaks derived from magnetization exchange between states A and B were averaged. The data were fit to a set of equations derived in S/
Appendix, with the dotted lines (dark) indicating the best fits; line thickness (light) gives the 95% Cls for the fitted curves estimated from a Monte Carlo

error analysis.

we used the kinetic model of Fig. 6C, in which association rates
for the fluxes through all partly ligated states (as well as disso-
ciation rates) on the trimer binding pathway have been assumed
to be the same so as not to overfit the data. We show below that
this assumption yields thermodynamic parameters consistent
with those obtained from the peptide titration experiments
(Fig. 5C). A detailed description of the kinetics of magnetization
exchange between the different chemical species in terms of
intensities of correlations in spectra has been given previously for
homo-oligomeric complexes (57), and the present case is de-
scribed fully in SI Appendix. From a global fit of the decay of
diagonal peaks and the buildup of exchange cross-peaks as a
function of ty,; (Fig. 6D), the on- (ka,,) and off- (kp o) rate
constants of peptide binding were calculated to be 6.4 = 0.3 X
10* M~' - st and 7.7 £ 0.3 s7', respectively. The apparent mi-
croscopic equilibrium constant of peptide binding calculated
from these rate constants (K, =k on/kz orr = 8.4 £ 0.1 X 10° M_l)
using the kinetic scheme of Fig. 6C, which neglects binding
cooperativity, is consistent with the microscopic association
constants from the titration experiments (K, = 5.8 + 1.1 x 10°
M, K;=10+03x10*M ", and Ky =2.7 £ 04 x 10* M;
Fig. 5C). In addition, the fitted trimer—hexamer association and
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dissociation rate constants (kjon = 5.5 £ 0.2 X 10° M~ - 57

kioft = 12.6 £ 0.5 s™'; Fig. 6C) and the corresponding equilib-
rium constant (Ky = ky on/ky ot = 4.4 = 0.1 X 10* M~'; Fig. 6C)
from this analysis are in close agreement with values obtained
from ZZ-exchange (kion = 5.1 £ 0.6 X 10° M~ - 57", kyofr =
9.0 + 1.1 s7") and dilution (K; = ky on/k1of = 5.2 £ 0.2 x 10
M™") experiments performed in the absence of peptide (Fig. 2 C
and D), further cross-validating the above kinetic model.

Discussion

In this study, we have used NMR experiments that exploit a
methyl-TROSY effect (40, 41) to study the structural dynamics
of the HtrA2 protease/chaperone system. Our data establish that
HtrA2 exchanges between a hexameric state and the canonical
trimeric conformation in the absence of substrate. Both states
are characterized by a closed conformation, stabilized by inter-
domain contacts, that explains the low basal activity of the apo
form of HtrA2. Our thermodynamic and kinetic analyses of the
oligomerization and substrate binding processes lead to a func-
tional HtrA2 oligomerization/binding cycle, as summarized in
Fig. 7. In the absence of substrates, HtrA2 exchanges between
unligated hexameric (Pg) and trimeric (P3) structures, with the
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Fig. 7. A schematic model of HtrA2 activation. A cartoon showing oligo-
merization of and substrate binding to HtrA2. HtrA2 localizes to the IMS
under resting cellular conditions.

hexamer showing weaker affinity toward substrates. Thus, the
hexamer can be thought of as a form of HtrA2 whose function is
to moderate substrate binding to the trimer. With increasing
substrate concentration, the hexamer—trimer equilibrium is
shifted toward free and partially bound trimeric states (Ps, PsL,
and P3;L,) via successive ligand-binding events of moderate
cooperativity. Our NMR data indicates that at high HtrA2 and
substrate concentrations, the fully bound trimer (PsL3) can fur-
ther oligomerize to form a fully bound hexamer (PgL), although
with weaker hexamerization affinity than in the absence of sub-
strates. It was not possible to obtain a direct readout of the
catalytic efficiency of the ligand-bound hexameric state because
the fractional population of the fully bound hexamer was negli-
gibly small under the conditions of our proteolytic assays (es-
sentially 0 for C7 = 200 nM). However, the structural differences
between fully ligated trimers and hexamers are expected to be
small as evidenced by only very minor NMR spectral changes (S/
Appendix, Fig. S2), where in either state, the PDZ and protease
domains are dissociated from each other so that the fully bound
hexameric state is also likely to be a catalytically active form
of HtrA2.

We have modeled the structure of the hexamer in the free
state using a rigid-body docking program guided by SAXS data,
chemical shift perturbations between spectra of trimers and
hexamers, and mutagenesis. Our data are well described by a
hexamer that is formed through PDZ C-terminal tail-to-tail in-
teractions between pairs of interacting PDZs involving strands
B-17 and B-18 (Fig. 3D). The tight packing between PDZ and
protease domains coupled with the fixed intertrimer interface
results in significantly weaker peptide binding to the hexamer,
since the binding of the peptide is accompanied by structural
rearrangements in interdomain contacts, which are likely to be
suppressed in the tightly packed conformation of the unbound
hexameric structure.

Our NMR and SAXS data provide direct structural evidence
that the apo form of HtrA2 in both the trimeric and hexameric
states has a closed conformation in which substrates are not
freely accessible to the catalytic centers of the enzyme. Interac-
tions between substrates with appropriate hydrophobic C-terminal
recognition sequences (55) and HtrA2 PDZ domains lead to an
opening of protease—PDZ domain interfaces, as observed in our
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NMR studies (Fig. 4 B and D), and subsequent activation of the
enzyme. In this manner, HtrA2 function can be tightly regulated.
The thermodynamic model of Fig. 5 describing oligomerization
and ligand binding suggests that the formation of hexamers,
leading to a sequestration of HtrA2 trimers in an inactive, pro-
teolytically silent state, could potentially play an additional regu-
latory role in suppressing uncontrolled, nonspecific cleavage of
substrates in the IMS, as discussed below.

The relative amounts of trimeric and hexameric HtrA2 are
controlled by the total protein concentration, reported to be on
the order of 100 nM (monomer) in whole-cell lysates (11). Using
the affinities measured for [NaCl] = 120 mM, an ionic strength
that is within the range reported for the IMS (100 to 150 mM)
(58), the ratio of hexameric to trimeric particles is calculated to
be 1:99, and the low relative hexamer concentration would have
little influence on HtrA2 function (i.e., majority of the protein
would be the ligand-binding—competent trimer). However, mul-
tiple lines of evidence indicate that HtrA2 may localize to the
IMS in cells under resting conditions (6, 8, 9), potentially leading
to sufficient local concentrations to form regulatory amounts of
the hexamer. Assuming 1) a total HtrA2 cellular protein con-
centration of 100 nM, 2) the volume fraction of mitochondria
within a whole cell to be 10% (59), 3) the IMS volume to be 5 to
10% of the mitochondrial volume based on the most prevalent
“orthodox” conformation of mitochondria (60-62), and 4)
complete HtrA2 localization to the IMS, an HtrA2 concentra-
tion on the order of 10 to 20 uM is estimated. With this set of
assumptions, a significant fraction of HtrA2 is expected to be
hexameric within the IMS (~10 to 50% depending on the salt
concentration). It should be noted that this calculation is very
approximate, as it is widely known that the shape and mor-
phology of mitochondria as well as the expression levels of
HtrA2 can be highly variable depending on the cell type and
cellular conditions (5, 63) and, furthermore, that HtrA2 may be
present in cellular organelles outside of the mitochondria (4, 5).

It is difficult to quantitatively assess how important seques-
tration of HtrA2 trimers (4, 5) might be as a mechanism for
HtrA2 regulation since physiological substrate concentrations
and binding affinities are not available. However, if we assume
the same stepwise ligand binding affinities as for the highly op-
timized DD-PDZopt peptide, the affinity for the first ligand
binding event (K, = 1.0 + 0.1 x 10* M~* for [NaCl] = 120 mM, SI
Appendix, Fig. S5C) would be significantly weaker than for
hexamerization (K; = 2.9 + 0.1 x 10° M™" for [NaCl] = 120 mM,
Fig. 2C), suggesting that the hexamerization process predomi-
nates over ligand binding until the ligand concentration increases
under stress conditions. In this scenario, substrate binding would
shift the equilibrium to the partially and fully bound enzyme
states (PsL, Ps;L,, P;L;, and PgLg) with moderate positive
cooperativity (Fig. 5). Thus, HtrA2 would have low catalytic
activity under resting conditions (Fig. 44) and only cleave sub-
strates when they are accumulated in the IMS to high
concentrations.

Taken together, the structural, thermodynamic, kinetic, and
biochemical data presented highlight that HtrA2 is a finely
tuned, stress-protective protease whose activity can be dually
regulated via oligomerization and by the formation of a tight
interdomain interface that prevents it from binding to substrates
in a nonspecific manner. Cognate substrate binding results in a
structural reorganization in which protease-PDZ interactions
are released to expose the catalytic center, leading to proteolysis.
As excess activity of HtrA2 can cause critical mitochondrial
dysfunction and uncontrolled apoptosis (6, 22, 23), the regula-
tory mechanism proposed here may play a significant role in
maintaining low basal HtrA2 activity under normal physiological
conditions so as to avoid proteolysis of nontarget proteins.
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Materials and Methods

HtrA2 proteins were expressed in Escherichia coli and purified by Ni**-af-
finity chromatography, hydrophobic-interaction chromatography, and size-
exclusion chromatography. All NMR measurements were performed at
23.5 T (1 GHz "H frequency) using a Bruker Ascend spectrometer equipped
with a cryogenically cooled x, y, z pulsed-field gradient triple-resonance
probe. Details of protein expression and purification and NMR experi-
ments, along with data fitting, are provided in S/ Appendix.

Data Availability. All data are included in the article and/or S/ Appendix.
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