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The human high-temperature requirement A2 (HtrA2) mitochondrial
protease is critical for cellular proteostasis, with mutations in this
enzyme closely associated with the onset of neurodegenerative dis-
orders. HtrA2 forms a homotrimeric structure, with each subunit
composed of protease and PDZ (PSD-95, DLG, ZO-1) domains. Al-
though we had previously shown that successive ligand binding oc-
curs with increasing affinity, and it has been suggested that allostery
plays a role in regulating catalysis, the molecular details of how this
occurs have not been established. Here, we use cysteine-based chem-
istry to generate subunits in different conformational states along
with a protomer mixing strategy, biochemical assays, and methyl-
transverse relaxation optimized spectroscopy-based NMR studies to
understand the role of interprotomer allostery in regulating HtrA2
function. We show that substrate binding to a PDZ domain of one
protomer increases millisecond-to-microsecond timescale dynamics
in neighboring subunits that prime them for binding substrate mol-
ecules. Only when all three PDZ-binding sites are substrate bound
can the enzyme transition into an active conformation that involves
significant structural rearrangements of the protease domains. Our
results thus explain why when one (or more) of the protomers is
fixed in a ligand-binding-incompetent conformation or contains the
inactivating S276C mutation that is causative for a neurodegenera-
tive phenotype in mouse models of Parkinson’s disease, transition to
an active state cannot be formed. In this manner, wild-type HtrA2 is
only active when substrate concentrations are high and therefore
toxic and unregulated proteolysis of nonsubstrate proteins can be
suppressed.
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he accumulation of unfolded and/or misfolded proteins leads

to cell damage and malfunction, and an elaborate protein
quality control machinery has evolved to mitigate these stresses.
The widely conserved high-temperature requirement A (HtrA)
proteins play central roles in protein quality control where, in
response to aberrantly folded client proteins, they can act as either
proteases (protein recycling) or chaperones (protein refolding) in
an adenosine 5'-triphosphate—independent manner (1, 2). Human
HtrA2, also known as the Omi protease, is a mitochondrial HtrA
protease localized primarily to the mitochondrial intermembrane
space (3-5). HtrA2 has been well characterized as a key regulator
of apoptotic signaling (5-12), and it also functions as a stress-
protective protease in mitochondria. For example, HtrA2 plays
a prominent neuroprotective role by regulating the levels of un-
folded proteins in mitochondria, which, if left unchecked, con-
tribute to the onset of neurodegenerative disorders (13-17). This
important role for HtrA2 is supported by the observation that
missense mutations in the HTRA2 gene were found in patients
with Parkinson’s disease and essential tremor (18, 19). Further
evidence for the essential relationship between HtrA2 function
and neuroprotection was established by the demonstration that an
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inactivating HtrA2 point mutation is causative for the neurode-
generative phenotype in the mnd2 (motor neuron degeneration 2)
mouse, which is considered to be an animal model for Parkinson’s
disease (20).

HtrA2 protomers contain one copy each of a protease and a
PDZ (PSD-95, DLG, ZO-1) domain. The crystal structure of
HtrA2 shows that three protomers form a pyramid-shaped homo-
trimer in which the interprotomer interactions are mediated by the
protease domains (pink) (21) (Fig. 1 A, Inset). The crystal structure
is thought to represent an inactive conformation whereby the cat-
alytic triad within the protease domain, formed by H198, D228, and
S306, is covered by the PDZ domain (light blue) to form a tightly
packed closed structure (2, 21). The PDZ domain harbors a ca-
nonical ligand-binding pocket, where a short hydrophobic activator
peptide or the C terminus of substrate proteins can bind, leading to
an open conformation, and ultimately, catalysis when substrate
peptides or regions of substrate proteins bind to the protease do-
main (21-25). Since structures of neither an open conformation nor
a substrate-bound state are available, details of the HtrA2 activation
mechanism have long remained elusive. Using solution NMR
spectroscopy focusing on side-chain methyl groups, we have recently
shown that HtrA2 exchanges between a canonical trimer and a
previously unobserved hexamer in solution with the activator pep-
tide preferentially binding to the trimeric form of the enzyme. The
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Fig. 1. Controlling domain opening via Cys-based chemistry. (A) The oligomerization and PDZ-peptide binding mechanism of HtrA2, as established in our

previous study (26). (Inset) Crystal structure of trimeric HtrA2 (PDB ID: 1LCY). The protease (residues 134 to 345) and PDZ (residues 359 to 458) domains are
colored pink and light blue, respectively. Electron density for residues 282 to 290 (8-89 linker) and 344 to 358 (interdomain linker) is not observed; these
regions are shown with dotted lines. (B) The crystal structure of the isolated PDZ domain of HtrA2 in complex with peptide (WTMFWV; PDB ID: 2PZD). The
peptide is shown as a pink stick model with the E425 CB carbon displayed as an orange sphere. Chemical structures of the components involved in the Cys
modification approach to control the peptide-bound state of the PDZ domain are shown on Right. (C, Top) The Cp carbons of V226 and Y428 are displayed on
an HtrA2 protomer (PDB ID: 1LCY). (Bottom) SDS-PAGE analysis of V226C/Y428C/S306A HtrA2 under oxidizing and reducing conditions. (D, Left Top) B3cH
HMQC spectra of U-2H, proR ILVM S306A HtrA2 in the absence (blue) and presence (pink) of 1 mM PDZ-peptide. (Center Top) '*C-'"H HMQC spectrum of U-H,
proR ILVM S306A/1441V/E425C PDZ-peptide-stapled HtrA2 (navy). The spectrum of U-2H, ILVM S306A/I441V HtrA2 in the presence of 1 mM PDZ-peptide is
shown using pink single contours. (Left Bottom) 3C-"H HMQC spectrum of U-?H, proR ILVM V226C/Y428C/S306A HtrA2 under oxidizing conditions. The
spectrum of U-2H, proR ILVM $S306A HtrA2 is shown with single blue contours. (Center Bottom) Superposition of '*C-'"H HMQC spectra of U-H, proR ILVM
V226C/Y428C/S306A HtrA2 in the absence (navy) and presence of 670 uM PDZ-peptide (cyan) under oxidizing conditions. (Right Bottom) '*C-'"H HMQC
spectrum of U-?H, proR ILVM V226C/Y428C/S306A HtrA2, fully reduced and in the presence of 670 pM PDZ-peptide (navy). The spectrum of U-?H, proR ILVM
S306A HtrA2 in the presence of 1 mM PDZ-peptide is shown with pink single contours. Schematics of the protomeric structures that form the HtrA2 trimers
studied by NMR are shown in the upper right hand corner of each spectrum. (Right Top) The methyl groups with significant chemical shift differences in the
comparative spectra shown (i.e., between Cys and Cys-less molecules) (navy spheres) are in the immediate vicinity of the mutated residues (Cp carbon of E425
shown as an orange sphere and side-chain atoms of Y428 shown as orange sticks) (PDB ID: 1LCY). Methyl group assignments of the S-S-locked and PDz-
peptide-stapled samples were obtained by inspection of spectra of the closed and open structures, respectively, as there were only minor chemical shift
differences. All NMR data were recorded at 23.5 Tesla and 40 °C.

That is, does binding of activator peptide to a given subunit lead to
activity in a manner independent of the binding status of neigh-
boring protomers, or do all protomers require activation before
catalysis can occur, and, if so, how is this controlled structurally?
Second, what is the structural mechanism underlying the loss of
function of various HtrA2 disease mutants? One such example is
provided by an S276C mutant that was identified in mnd2 mutant
mice (20). Although the high-resolution crystal structure of the

binding of the activator peptide to the PDZ domain occurs with
positive cooperativity, subsequently leading to an open PDZ con-
formation that facilitates substrate engagement as summarized in
Fig. 14 (26). Although these NMR results present a picture of
how different oligomeric forms of HtrA2 regulate activator pep-
tide binding and hint of the importance of allostery in controlling
activity, a number of critical questions remain. First, what consti-
tutes a catalytically active state at the level of individual protomers?
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closed, catalytically inactive mutant was solved and an altered bound-
water network around residue 276 was observed (27), the overall
structure of this mutant was similar to the corresponding structure of
the protein without the S276C mutation (RMSD 0.244 A). There-
fore, the detailed structural basis for why the S276C mutant is inactive
remains unknown.

A critical determinant of function and malfunction in the
HtrA2 system is likely to be interprotomer allostery within the
trimeric enzyme architecture, controlling the structural changes
that accompany the transition from the closed, inactive conformation
to the catalytically active, open form of the molecule. Previous
studies have provided qualitative evidence of the importance of
interprotomer allostery for activation of HtrA2, since an engineered
monomeric mutant of HtrA2 was shown to be nonfunctional both
in vitro and in cells (21, 28, 29). Our previous NMR study, estab-
lishing positive cooperativity for the binding of activator peptide, also
pointed to intersubunit communication (26) but did not provide
insight into its origin, suggesting the need for a more detailed in-
vestigation of allosteric signaling pathways between HtrA2 proto-
mers. NMR is a particularly powerful technique to analyze such
interprotomer interactions, as it can be used to monitor the micro-
scopic chemical environment of individual nuclear spins from each
protomer and, hence, to provide a detailed, and sometimes atom-
istic, picture of the structural consequences of perturbations that
occur in neighboring protomers (30). This is in contrast to other
biophysical techniques in which insight about interprotomer allostery
is usually less direct, obtained by analyzing macroscopic observables
and fitting them to models that take into account cooperativity (31).
Moreover, NMR informs on the structural dynamics of proteins,
which play a central role in interprotomer allosteric communication
(32-34). In practical applications involving homo-oligomeric pro-
teins such as HtrA2, however, detailed structural analyses of inter-
protomer allostery have remained challenging due to the difficulty in
isolating asymmetric conformers (i.e., partially ligated states) cou-
pled with the fact that individual protomers usually do not give rise
to unique chemical shifts that can be independently resolved and
analyzed so as to establish structural differences between subunits.
For these reasons, NMR analyses of interprotomer allostery in
homo-oligomeric proteins have generally been limited to systems
with strong negative cooperativity (35, 36).

Here, to investigate how interprotomer allosteric communication
leads to a modulation of HtrA2 function, we have used methyl-
transverse relaxation optimized spectroscopy (methyl-TROSY)
NMR in combination with a protomer mixing strategy in which one
of the protomers in the trimer is selectively observed. To overcome
the difficulties in analyzing asymmetric states, discussed above, we
have used cysteine (Cys)-based chemistry to stably control domain
opening of and activator or substrate peptide binding to each pro-
tomer. We demonstrate that the microsecond-to-millisecond (ps—
ms) timescale dynamics of the observed protomer change in re-
sponse to the open/closed status of PDZ domains on neighboring
subunits, underlying the positive cooperativity of activator peptide
binding. We also establish that the formation of an active confor-
mation of the protease domain is tightly regulated through inter-
protomer interactions so that the catalytically active conformation is
solely formed when all three PDZ domains in the trimer are occu-
pied by activator peptides. Finally, we show that the loss of function
in the S276C disease mutant results from an inability to form the
catalytically active conformation, suggesting that subtle disruptions
of interprotomer allosteric networks are responsible for HtrA2
malfunction and the onset of associated neurological disorders.

Results

Using Cys-Based Chemistry to Control the Peptide-Bound State of
Each Protomer. Fig. 14 shows a schematic model for the se-
quential binding of an activator peptide to HtrA2 and the con-
comitant conformational changes involving PDZ domain opening
that was proposed in our previous study (26). In the absence of the
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activator peptide, HtrA2 is in equilibrium between a hexamer (Pg)
and a canonical trimer (P5), with the activator peptide interacting
much more tightly with the trimeric state so that binding to the
hexamer can be neglected. The activator peptide binds to Ps, P5L,
and P;L, sequentially to form the fully bound P;L; state in which
L denotes the activator peptide that binds to the PDZ domain. In
our former NMR titration analyses, the binding isotherms could
be explained by a model in which domain opening occurs through
the binding of the activator peptide to each protomer individually,
leading to the formation of asymmetric structures for P;L (two
closed protomers and one open protomer) and P3L, (one closed
protomer and two open protomers). We note that the fully bound
trimer, P3L3, can further dimerize to form a fully bound hexameric
state, PgLg; however, in what follows, our emphasis is on studies of
interprotomer allostery within a trimeric unit (SI Appendix).

As a first step, we sought to focus on the partially ligated tri-
mers, P3L and PsL,, as these inform on structural changes and
interprotomer allostery along the pathway to the fully activated
state of HtrA2. A major challenge in these analyses is that the
populations of the asymmetric PsL or PsL, states shift with in-
creasing activator peptide concentration, reaching maximal values
of only ~30% (as a fraction of protomers in each state), hampering
a detailed NMR analysis (26). This is a direct result of the relatively
modest increase in successive peptide-binding affinities to the PDZ
domains (K>~2K;, K3~3K5, Fig. 1). Also, these asymmetric species
are difficult to isolate, and NMR spectra recorded at a given ligand
concentration will, therefore, potentially contain contributions from
all of the different ligated states, both symmetric and asymmetric,
complicating a focus on the asymmetric species of interest. To
overcome this problem, we sought to establish a strategy to stably
control the peptide-bound state of each protomer of HtrA2 by
utilizing Cys-based chemistry. HtrA2 does not have any intrinsic Cys
residues in its amino acid sequence. Thus, by introducing Cys mu-
tations, it is possible to either covalently link activator peptides to
their binding sites in the PDZ domains to ensure PDZ domain
opening or to introduce an intraprotomer disulfide bond to fix the
PDZ domains in their closed positions so as to prohibit binding of
the activator peptide. By using these covalently modified subunits
and a protomer mixing strategy (see Titrations of Asymmetric HrA2
Trimers Establish Positive PDZ-Peptide-Binding Cooperativity for
details), it becomes possible to carry out detailed structural studies
of stably formed asymmetric particles.

In order to mimic the native activator peptide-bound/open
conformation, we introduced a single Cys mutation to the PDZ do-
main and covalently attached the activator peptide via an intermo-
lecular cross-link (referred to in what follows as “peptide stapled”).
To this end, a short-chain cross-linker was used, N-succinimidyl 3-(2-
pyridyldithio) propionate (SPDP), which cross-links a free amine
group to a sulthydryl group at the introduced Cys side chain (37) via a
two-step procedure (Fig. 1B). Residue 425 (E425) was chosen as the
Cys-modification site on the PDZ domain, guided by the crystal
structure of the isolated PDZ domain in complex with a short hy-
drophobic peptide (22). As an activator peptide, we used an octa-
peptide DD-PDZopt (DDGQYYFV), subsequently referred to as
PDZ-peptide, which has high water solubility and binds to HtrA2
with association constants ranging from 5,800 M~ (binding to P)
to 27,000 M~ (binding to PsL,) (Fig. 14) (26).

In order to ensure that a given protomer assumes a tightly
packed closed conformation, hence preventing the binding of
PDZ-peptide to it, we designed a double Cys mutant to introduce
an intraprotomer/interdomain disulfide bond which affixes the
PDZ domain to the protease domain (hereafter referred as an “S-
S lock™) (38-41). By carefully inspecting the crystal structure of
HtrA2 in the closed conformation (Protein Data Bank identifi-
cation [PDB ID]: 1LCY) (21), we identified a pair of residues,
V226 and Y428, whose side chains are directed toward each other
with an interdomain CB-Cp distance (5.3 A) that is the shortest
among all possible pairs. We introduced a double Cys mutation
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(V226C/Y428C) and confirmed the formation of the expected
intraprotomer disulfide bond based on a redox-dependent HtrA2
band shift in sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) gels (Fig. 1C).

We then tested whether these PDZ-peptide-stapled and
S-S-locked versions of HtrA2 closely mimic the native open and
closed structures, respectively, by measuring their NMR spectra.
We prepared samples of these constructs with '*CHj labeling at
Iled1, Leudl (proR), Valyl (proR), and Mete positions in an
otherwise deuterated background (referred to as U-H, proR
ILVM-"*CHj3 labeling in what follows) (42-44) and measured
13C.'H heteronuclear multiple-quantum coherence (HMQC)
spectra in which a methyl-TROSY effect leads to improvements
in spectral sensitivity and resolution (45). In all of the following
NMR analyses, two background mutations were added (unless
indicated otherwise), including S306A, in which the catalytic Ser
is replaced by Ala to suppress self-cleavage at high protein
concentrations, and 1441V, which suppresses hexamerization of
HtrA2 in the apo state (26). As shown in Fig. 1 D, Top Left,
significant chemical shift changes of Ile methyl signals were ob-
served upon the addition of 1 mM PDZ-peptide to the native
protein (i.e., no Cys modifications; blue and pink contours)
(Fig. 1D and SI Appendix, Fig. S1A4). These Ile methyl signals
were used, therefore, as a fingerprint to evaluate the structure of
the Cys-modified mutant proteins. As ILVM-methyl groups are
well distributed throughout HtrA2, the structural dynamics of
both PDZ and protease domains can be readily probed by re-
cording *C-"H HMQC datasets. We first measured the HMQC
spectrum of U-H, proR ILVM-"*CH; E425C PDZ-peptide—stapled
HtrA2 (in the absence of added PDZ-peptide) and compared it
with that of unmodified HtrA2 recorded in the presence of excess
PDZ-peptide (1 mM). The Ile methyl chemical shifts of E425C
PDZ-peptide—stapled HtrA2 were in good agreement with those
of the PDZ-peptide-bound state of the unmodified protein
(Fig. 1 D, Top Middle, compare navy contours with single pink
contour, SI Appendix, Fig. S1B), showing that the E425C PDZ-
peptide—stapled conformation closely mimics that of the native
PDZ-peptide-bound state. We also measured the HMQC spec-
trum of U-°H, proR ILVM-3CH; V226C/Y428C S-S-locked
HtrA2 (note that the 1441V mutation was not introduced here).
The Ile methyl chemical shifts were mostly consistent with those of
the apo/closed state of the native protein (Fig. 1 D, Bottom Left, blue
single contour), and the spectrum did not change upon the addition
of excess PDZ-peptide (670 pM), showing that the S-S-locked pro-
tein forms a closed conformation that is not accessible to peptide
(Fig. 1 D, Bottom Middle). Importantly, the inhibition of PDZ-peptide
binding in the S-S-locked state is reversible, as the spectrum recorded
after the reduction of the interdomain S-S bond by the addition of
5 mM dithiothreitol (DTT) to the aforementioned sample is consis-
tent with a PDZ-peptide-bound/open HtrA2 conformation (Fig. 1 D,
Bottom Right, compare navy and pink contours). We note that some
of the Ile residues showed chemical shift changes in spectra that were
compared, such as 1166 and 1229 in E425C PDZ-stapled HtrA2
(Fig. 1 D, Top Right and SI Appendix, Fig. S1B) and 1333, 1362, 1373,
and I413 in V226C/Y428C S-S-locked HtrA2 (Fig. 1 D, Bottom Left
and SI Appendix, Fig. S1C). These Ile residues are proximal to the
mutational sites (Fig. 1 D, Top Right and SI Appendix, Fig. S1D) so
that the observed shift differences are likely due to structural per-
turbations resulting from mutations and/or slight changes in the ori-
entation of the PDZ-peptide between open-stapled and open-bound
(but not cross-linked) forms.

Titrations of Asymmetric HtrA2 Trimers Establish Positive
PDZ-Peptide-Binding Cooperativity. Having developed a Cys-based
protocol to control PDZ-peptide binding to, and hence the open/
closed status of, individual protomers in HtrA2, we next sought
to investigate aspects of interprotomer allosteric communication,
including the verification of the positive PDZ-peptide-binding
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cooperativity that had been inferred from previous fits of titra-
tion data (26). We, therefore, adopted a protomer mixing strategy
to produce stably formed asymmetric HtrA2 trimers for NMR
analyses in which some of the subunits were either in closed/
S-S—locked or open/PDZ-stapled states (41, 46, 47).

The mixing protocol is summarized in Fig. 24. Native HtrA2
was prepared with U-H, proR ILV-"*CHj; labeling (NMR visi-
ble, Fig. 24, green circles) along with a second preparation
composed of V226C/Y428C or E425C HtrA2 with uniform *H
labeling or '*CHj labeling of only the Met methyl groups (NMR
invisible in the Ile, Leu, and Val spectral region; Fig. 24, black-
filled circles). The two protein preparations were mixed in molar
ratios of 10% (native):90% (Cys mutant), denatured by the ad-
dition of 6 M guanidinium chloride and refolded by rapid dilu-
tion, and subsequently, the Cys side-chain sulfthydryl groups were
oxidized to form an interdomain S-S bond or reacted with SPDP-
modified PDZ-peptide (Fig. 2 A, Right). During the refolding
process, the protomers reassembled into trimers randomly, and
the distribution of subunits within each particle gives rise to four
different configurations (A-D in Fig. 24) whose populations can
be readily calculated. The random mixing of protomers was ex-
perimentally verified as previously described (SI Appendix, Fig.
S2) (41), and we have established that the unfolding/refolding
protocol did not perturb the structure of the trimer nor did it
affect its enzymatic activity (SI Appendix, Fig. S3). The symmetric
trimers A and D do not contribute to the NMR spectrum, as all of
the protomers are either NMR invisible (configuration A) or
NMR visible but at a concentration too low for detection (con-
figuration D, 0.1> x 100 = 0.1% of the particles). The major
contribution to the NMR spectrum is therefore from configura-
tion B (one NMR-visible native protomer, two NMR-invisible Cys
protomers; 3 x 0.9% x 0.1 x 100 = 24.3% of particles) with a
smaller contribution from configuration C (two NMR-visible
protomers, one NMR-invisible Cys protomer; 3 x 0.9 x 0.1 x
100 = 2.7% of particles). Thus, the 10%:90% mixing scheme used
(Fig. 24) provides an opportunity to focus on a native protomer in
the context of two NMR-invisible neighbors that are either
S-S-locked or PDZ-peptide stapled and hence observe how the
closed or open states of adjacent protomers influence the struc-
tural dynamics of a neighboring protomer. In this manner, the role
of interprotomer communication can be established directly.

Fig. 2B highlights the two types of NMR-observable samples
Prepared: 1) sample one was obtained by mixing 90% U-*H, M-

*CH; V226C/Y428C S-S-locked protomers and 10% U-°H,
proR TLV-"*CHj native protomers to selectively observe the
unbound, native protomer adjacent to closed/S-S-locked protomers
(Left), and 2) sample two was generated by mixing 90% U-*H, M-
3CH, E425C PDZ-peptide-stapled protomers and 10% U-H,
proR TLV-""CHj native protomers to observe the unbound proto-
mer adjacent to open/PDZ-stapled protomers (Right). A compari-
son of HMQC spectra of these samples recorded in the absence of
added PDZ-peptide (green, multiple contours) with a spectrum of
the symmetric closed trimer (blue single contour), focusing on the
Ile region in Fig. 2B, establishes that the native protomers adopt the
unbound/closed conformation regardless of the status of the
neighbors. Notably, small chemical shift perturbations (CSPs) were
more prevalent in spectra of sample two, likely reflecting long-range
interprotomer allosteric communication that is more pronounced
when neighbors adopt the open/PDZ-peptide-bound conformation
as discussed in Changes in Structure and Dynamics Lead to
Interprotomer Allostery.

The asymmetric samples that have been prepared can be used
to directly investigate whether the binding of the PDZ-peptide to
HtrA2 occurs in a cooperative manner. Since the predominant
trimer configuration in these samples contains a single binding-
competent protomer that is also the only subunit of the three
that is NMR active, we analyzed binding isotherms according to
a simple two-state model to obtain an estimate of binding affinities.
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Fig. 2. Sequential PDZ-peptide binding with positive cooperativity. (A) Schematic highlighting the strategy for preparing mixed protomer HtrA2 samples.
(Left) The HtrA2 trimer is shown schematically by three circles. (Right) NMR-visible (U-H, proR ILV-"3CH;-labeled) S306A/1441V protomers are shown as green
circles and NMR-(ILV)invisible (U-?H, Met-'3CH;-labeled) V226C/Y428C/5306A/1441V or E425C/S306A/1441V protomers are shown as gray-filled circles. The four
different types of HtrA2 trimers obtained upon protomer mixing are shown with their expected fractional populations (particles A to D, Bottom). Only one
out of the three possible rotationally symmetric configurations is shown for particles B and C for brevity. (B) '>*C-"H HMQC spectra of asymmetric HtrA2
samples prepared by mixing 1) 90% U->H, Met-"3CH3 V226C/Y428C/5306A/1441V S-S-locked/closed protomers and 10% U-2H, proR ILV-">CH; S306A/1441V
protomers (Left), or 2) 90% U-2H, Met-">CH3 S306A/1441V/E425C PDZ-peptide—stapled/open protomers and 10% U-2H, proR ILV-">CH3 S306A/1441V protomers
(Right). Schematics for particles B and C that give rise to ILV-NMR signals are shown on top of each spectrum (the population of symmetric particle D is too low
for detection). The spectrum of U-?H, proR ILVM S306A/1441V HtrA2 (symmetric) is shown with blue single contours, along with its structural schematic in
Inset. (C) Selected regions of 3¢-'H HMQC spectra as a function of added PDZ-peptide concentration using sample one (Top) and sample two (Bottom),
focusing on cross-peaks from 1362 and L232. Association constants obtained from two-dimensional line-shape analyses are shown on Left, along with the
schematics of the HtrA2 molecules titrated. Experimental 'H one-dimensional projections (dot) and the fitted values (line) that trace the maximum intensities
in the displayed regions are shown. The signals from the unbound and bound protomers are denoted as U and B, respectively. The concentration of HtrA2 in
all samples was 200 pM (subunit concentration) so that the effective concentration of NMR-active protomers for particles B and C was 16 and 3.6 pM, re-
spectively. All NMR datasets were recorded at 14.0 Tesla and 40 °C.

Notably, PDZ-peptide binding is slow on the NMR chemical shift
timescale, as separate unbound (U) and bound (B) peaks are ob-
served (Fig. 2C). Some peaks were significantly broadened in the
middle of the titration, especially for sample one, due to exchange-
induced broadening between U and B states. Therefore, a global
analysis of two-dimensional line shapes, rather than peak heights,
was performed to extract apparent association constants usin«% the
program TITAN (48). Using sample one, K; = 7,240 + 170 M~ was
estimated for the association constant for the binding of the first
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ligand to HtrA2 (P; + L — PsL; Fig. 2 C, Top), while a similar
ligand titration using sample two, reporting primarily on the binding
of the third ligand (PsL, + L — PsL3), yielded K5 = 21,700 +
400 M~! (Fig. 2 C, Bottom). Thus, the binding affinity of the PDZ-
peptide is tighter when neighboring protomers are in the open/
PDZ-peptide-bound conformation. Notably, the K values obtained
presently are in excellent agreement with affinities from an analysis
of binding isotherms recorded on a symmetric HtrA2 sample and
fit to a sequential association mechanism (5,800 + 1,100 M,
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10,000 + 3,000 M™%, 27,000 + 4,000 M~! for the first, second, and
third binding events, respectively) (26). Interestingly, while the af-
finities for the PDZ-peptide are relatively low, separate peaks are,
nevertheless, observed for free and bound conformations. This
suggests that ligand binding is coupled to a conformational change
from a closed, unligated state in which PDZ and protease domains
are juxtaposed to an open conformation as described previously (26).

In summary, our data establish that native/unbound protomers
adopt the closed conformation regardless of their neighbors, with the
binding of the PDZ-peptide triggering domain opening. Furthermore,
PDZ domain opening occurs in a sequential manner with positive
cooperativity so that successive binding steps are of higher affinity as
the number of protomers in the open conformation increases.

Changes in Structure and Dynamics Lead to Interprotomer Allostery.
The titration experiments performed on the asymmetric samples
described above establish a higher PDZ-peptide-binding affinity

A Symmetric Asymmetric C

when neighboring subunits are open/PDZ-peptide bound as op-
posed to closed (K3 > K;). Yet, in both cases, an incoming PDZ-
peptide cannot readily access the binding cleft on the receptor
protomer since it is localized to the protease-PDZ domain inter-
face and hence sequestered (21, 22, 26) (Fig. 1B). It is of interest,
therefore, to establish why there is a difference in binding affinity
for these two types of asymmetric samples and to ascertain
whether some allosteric mechanism is at play. Some insight is
obtained through a close examination of the differences in spectra
recorded of a symmetric native sample (Fig. 34 and SI Appendix,
Fig. S44, navy) and an asymmetric sample prepared by mixing
90% U-*H E425C PDZ-peptide-stapled/open and 10% U-H,
proR ILVM-"*CHj native protomers (so-called sample two above,
Fig. 34 and SI Appendix, Fig. S44, green), in the absence of
added PDZ-peptide. Peak intensities in spectra recorded on
the asymmetric sample derive primarily from configuration
B [24.3/(24.3 + 2.7 x 2) x 100 = 82%; one unbound protomer
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Fig. 3. Characterization of interprotomer allostery. (A) Superposition of '*C-'"H HMQC spectra of the symmetric U-2H, proR ILVM-'3CH; S306A/1441V HtrA2
sample (navy) and the asymmetric HtrA2 sample prepared by mixing 90% U-2H, S306A/1441V/E425C PDZ-peptide-stapled/open protomers and 10% U-?H, proR
ILVM-"3CH3 S306A/1441V protomers (green), focusing on the lle (Top) and Met (Bottom) regions. The schematics for each sample are shown above the spectra.
"H one-dimensional slices at the chemical shifts of the dotted lines are shown for 1234, M365, M366, 1397, and 1413 in the same color as the two-dimensional
contour. The slices for M366 and 1397 are multiplied by factors of 2 and 3, respectively, for visualization. Methyl group assignments of the NMR closed
protomer(s) of the asymmetric samples (green spectrum) were readily obtained from the assigned spectrum of the symmetric closed structure, as the chemical
shift differences between the two spectra were small (<0.4 ppm, see C). The NMR datasets were recorded at 23.5 Tesla and 40 °C. (B) Selected regions of H-
13C[t;]-tmix-"HIt2] NOESY spectra of the symmetric (Left) and asymmetric (Right) samples are shown (200 ms mixing time). Cross- and diagonal-peaks for M323
and M365 are connected with dotted boxes to aid in visualization. (Right Inset) A portion of the HtrA2 protomer structure (PDB ID: 1LCY) is shown, with the Ce
carbons of M323 and M365 denoted as spheres. NMR datasets were recorded at 14.0 Tesla and 40 °C. (C, Top) Plot of CSP values between symmetric and
asymmetric samples, 23.5 Tesla 40 °C. Methyl groups with CSPs larger than one (light oran ) SD (>0.055 and 0.11 ppm, respectively) are
indicated. CSP values for each type of methyl-bearing residue were calculated as A5 = (A5H/a)2 + (A&C/[J‘)Z, where Ay and Asc are the chemical shift
differences in the "H and "3C dimensions, and a and /§ are the SDs of the "H and 'C chemical shift distributions deposited in the Biological Magnetic Resonance
Data Bank (@ = 0.282, # = 1.646 for lle; a = 0.273, # = 1.582 for Leu; a = 0.259, = 1.358 for Val; a = 0.387, = 1.736 for Met). (Middle) Plot of the exchange
contributions to '*C-"H MQ relaxation rates (Ruq,ex) for the symmetric (black circle) and asymmetric (green circle) HtrA2 samples at 14.0 Tesla. (Bottom) Plot of
the difference in Ryq,ex Values between symmetric and asymmetric samples (ARmq,ex) calculated as ARmq,ex = Rma,exlasymmetric] — Ryq,exlsymmetricl. ARvq,ex
values larger than one SD (>8.2 s~") are colored in magenta, and those larger than two SD (>16.4 s7") are labeled by methyl residue. (D) proR ILVM-methyl
groups from C with significant CSPs (>1 SD) (Top, light orange and deep red spheres) and ARyq .x Values (Bottom, magenta spheres) mapped onto the HtrA2
protomer (PDB ID: 1LCY). Effective concentrations of NMR-active protomers in particles B and C were 20 and 4.5 pM, respectively.
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and two open/PDZ-peptide—stapled protomers; Fig. 34], with the
remaining contribution from HtrA2 molecules with two unbound
protomers and a single open/PDZ-peptide—containing subunit
[configuration C; (2.7 x 2)/(24.3 + 2.7 X 2) x 100 = 18%). Note
that only unbound protomers are NMR active. As only small CSPs
are observed, the unbound protomers in the asymmetric sample are
in a closed position with the interface between protease and PDZ
domains preserved as expected (Fig. 1. 4), which is further confirmed
through the measurement of two-dimensional *C-edited NOESY
spectra ("H-">C[t; 4mix-'H[t2], where #; is an acquisition time and £,
the mixing time) in which an interdomain NOE connecting M323
from the protease domain and M365 from the PDZ domain is
clearly observed (Fig. 3B).

Although the observed CSPs are small, they likely reflect
subtle changes in the conformation of the unbound protomer caused
by interprotomer allosteric effects that extend from the peptide-
bound, open subunits. Methyl groups with significant CSPs (sam-
ple two) were mapped onto the HtrA2 crystal structure, localizing to
the interprotomer trimer interface on the protease domain as well as
to the intraprotomer domain interface between the protease and the
PDZ domains (Fig. 3 C and D, Top and Middle). Notably, in a
control experiment involving a related asymmetric sample in which
either one (18% signal intensity) or two protomers (82% signal) are
S-S-locked/closed and prepared by mixing 90% U-*H, M-"*CH;
V226C/Y428C S-S-locked protomers and 10% U-*H, proR ILV-
3CH; native protomers (so-called sample one), the spectrum was
nearly superimposable with a dataset recorded on a symmetric
closed sample (S Appendix, Fig. S4 B and C). Thus, CSPs are not a
priori observed between spectra recorded of asymmetric and sym-
metric HtrA2 samples (i.e., CSPs are not due to the Cys mutations in
adjacent protomers in and of themselves) but, when present, inform
on (often subtle) structural changes.

In addition to CSPs, significant reductions in cross-peak intensities
were also observed in spectra recorded of the asymmetric sample
(sample two) due to signal broadening, indicating increases in ps—ms
timescale conformational dynamics. This is readily apparent when
one-dimensional traces along the 'H dimension are highlighted
(Fig. 34). We quantified the exchange-induced broadening effects
(Rmo.ex) by measuring the difference in *C-"H multiple-quantum
(MQ) relaxation rates obtained with two different Carr—Purcell-
Meiboom-Gill (CPMG) fields (66 and 2,000 Hz) (SI Appendix, Fig.
S5) (49). The differences in per-residue Ryoex rates between
asymmetric (sample two, shown schematically in Fig. 34) and sym-
metric samples (ARyoex = Rmoex [asymmetric] — Ryoex [Sym-
metric]) were calculated, and residues with significant ARy ex rates
were mapped onto the HtrA2 structure (Fig. 3 C, Middle and Bottom
and D, Bottom). Notably, similar sets of methyl groups showed sig-
nificant ARy ex Values and CSPs (compare Fig. 3 D, Center and
Bottom). We observed only one methyl group (L44851 within the
PDZ domain) with a large negative ARyo.x Value, likely reflecting a
weak trimer—hexamer exchange process for the symmetric sample, as
144851 has the largest chemical shift change between trimer and
hexamer structures and is localized to the hexamerization interface
(26). This exchange contribution is efficiently suppressed in the
asymmetric sample, presumably because the apo hexameric structure
cannot be formed from asymmetric trimers, in agreement with our
structural model of the apo HtrA2 hexamer (26). The MQ relaxa-
tion rates recorded at high CPMG pulsing values (2 kHz) contain
only minimal contributions from the exchange between states with
lifetimes greater than ~500 ps. In the absence of exchange, or when
contributions are minimal, these rates can be used to provide esti-
mates of ps—ns timescale dynamics (49). Marked differences be-
tween rates measured for the symmetric (29.3 + 12.5 5™, average +
SD) and asymmetric (32.6 + 15.7 s, average + SD) samples were
not observed, and the per-residue distributions were quite uniform in
both cases, indicating that changes to faster timescale dynamics are
likely not exploited by HtrA2 for intersubunit communication (S7
Appendix, Fig. S5).

Toyama et al.
Dissecting the role of interprotomer cooperativity in the activation of oligomeric
high-temperature requirement A2 protein

These results provide some insight into the interprotomer al-
losteric pathway. For example, as interprotomer PDZ-PDZ in-
teractions are not observed in the crystal structure of HtrA2, it is
reasonable to assume that the small but significant CSPs and
ARo,ex Values noted for residues at the protease—protease do-
main interface within the asymmetric trimer highlight subtle changes
in protease domain structure and in dynamics that reflect interpro-
tomer communication. Our data suggest that the neighboring open,
PDZ-peptide-bound subunits perturb the structural dynamics of the
unbound, closed protomer so that its protease-PDZ interface
becomes structurally heterogeneous. As the PDZ-peptide-binding
site is located at this domain interface (21, 22), the structural het-
erogeneity may well underly the enhanced binding affinity for the
PDZ-peptide, potentially signaling a weakening of this interface,
when the neighboring subunits are already peptide bound.

The Symmetric, Fully Peptide-Bound Open State Is Required for HtrA2
Catalytic Activity. Having shown that interprotomer interactions
regulate the binding affinity of the PDZ-peptide, we next sought
to examine further how intersubunit allostery might modulate
catalysis. To this end, we prepared mixed trimers and measured
their peptidase activities to establish how the catalytic activity of
an open/PDZ-peptide-bound protomer is affected by the con-
formational states of its neighbors. A set of samples was generated in
which wild-type protomers harboring the catalytically active S306
residue (Fig. 44, white circles) were mixed in different molar ratios
with catalytically inactive S306A protomers containing the V226C/
Y428C mutations for S-S locking of the PDZ domains (Fig. 44,
black-filled circles). The resultant mixture contains four unique tri-
mers with different protomeric compositions, including configuration
A comprising three S-S-locked protomers, configuration B com-
posed of two S-S-locked protomers and one wild-type protomer,
configuration C containing one S-S-locked protomer and two wild-
type protomers, and configuration D with three wild-type protomers.
Defining the fraction of wild-type subunits that are mixed as x, and
assuming that protomers mix randomly (SI Appendix, Fig. S2), par-
ticles A to D are produced with molar ratios of (1 — x)*, 3x(1 — x)?,
3*(1 - x), and x{j respectively (Fig. 44).

Peptidase activities of mixed samples prepared with x ranging
from 0 to 1 were measured under oxidizing conditions and in the
presence of 1 mM PDZ-peptide (100 nM in subunit HtrA2 con-
centration). In this setup, the V226C/Y428C/S306A protomers are
S-S-locked/closed and hence PDZ-peptide-binding incompetent,
while the wild-type protomers are expected to form the open/PDZ-
peptide-bound conformation. Interestingly, the peptidase activity
did not follow a y =x relationship, where y is the normalized activity,
that would be expected from a simple model in which all of the
wild-type protomers in configurations B to D are equally active
(Fig. 4B and Model 1 in ST Appendix, Fig. S6). Instead, the activity
profile clearly followed a y =x” relationship so that configuration D
with three wild-type protomers is the only catalytically active state of
HtrA2 (Fig. 4B and Model 3 in SI Appendix, Fig. S6). The activity
profile could not be fit to other models, such as one assuming that
the wild-type protomers in configurations C and D are catalytically
active (Model 2 in SI Appendix, Fig. S6). As a control, we conducted
the same assays in the presence of a reducing agent in which the
disulfide bond connecting positions 226 and 428 is reduced so that
all protomers in each particle would form open/PDZ-peptide—
bound conformations upon the addition of excess PDZ-peptide.
The activity profile now followed a y = x relationship. Thus, the
observed y = x° relationship under oxidizing conditions results from
the closed conformational state of the PDZ domains in the V226C/
Y428C/S306A S-S-locked protomers and the fact that they can,
therefore, not bind peptide. Only when neighboring subunits are
peptide-loaded, and hence in the open state, can the adjacent
protomers become catalytically active. Our data highlight that there
is a tight layer of interprotomer communication that allows only the
fully bound symmetric form of HtrA2 to cleave substrate and,
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Fig. 4. Only the fully PDZ-peptide-bound state of HtrA2 is catalytically active. (A) Schematic of the procedure used to prepare mixed HtrA2 trimers for
peptidase assays. HtrA2 trimers are shown as three circles. Wild-type protomers are denoted by white circles, and V226C/Y428C/S306A protomers are shown as
gray-filled circles. Wild-type and V226C/Y428C/S306A protomers were mixed in the ratio of x:(1 — x). Particles A to D of HtrA2 trimers are shown, along with
their expected fractional populations assuming random mixing. Only one out of the three possible rotationally equivalent configurations is shown for
particles B and C. (B) Plots of normalized peptidase activities (Left) under oxidizing (orange circle) and reducing (blue circle) conditions as a function of the
molar fraction of wild-type protomers. Error bars correspond to one SD based on triplicate measurements. The curves corresponding to models of HtrA2
activity assuming that only the fully open, peptide-bound state is active (y = x>, orange) or where all peptide-bound forms of HtrA2 are active (y = x, blue) are
shown. Schematics of the four different species present under oxidizing conditions (Right, Top) and of a fully bound/open form under reducing conditions,
where the probabilities of wild-type and S306A(V226C/Y428C) protomers are x and (1 — x), respectively, as indicated (Right, Bottom). Note that excess PDZ-
peptide has been added to ensure that any protomer that is not disulfide linked is in the open state. Absolute activities of oxidized and reduced states for x =

1 were within experimental error.

furthermore, that the allostery between HtrA2 protomers is not
communicated at the level of active sites but, rather, is controlled
via the open/closed status of the PDZ domains.

Catalysis Requires Structural Rearrangements That Can Only Occur in
the Symmetric Open Conformation. In order to address the question
of why only the fully bound, open conformation of HtrA2 can be-
come catalytically active, we start by an NMR analysis of substrate
peptide binding to the protease domains of symmetric and asym-
metric HtrA2 trimers prepared using our protomer mixing protocol.
We used an 11-residue substrate peptide (IRRVSYSFKKK), which
has the same amino acid sequence as the fluorescent peptide that
was used in the peptidase assays described above but lacks the
fluorophore and quencher groups (25, 26). The binding of this
substrate peptide to the symmetric native protein did not occur in
the absence of the PDZ-peptide as expected since the substrate
peptide-binding site is sequestered in the closed protomer confor-
mation (SI Appendix, Fig. S74). However, upon the binding of
substrate in the presence of 1 mM PDZ-peptide, large chemical
shifts were observed, and an apparent association constant of
~4,000 M~ could be calculated from an analysis of the titration
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series (Fig. 5 A, Left and Center and SI Appendix, Fig. STB and
Materials and Methods). Notably, we observed large chemical shift
differences for methyl groups on the protease domain (I150 and
1274) located at the interprotomer interface and for 1229 that is
adjacent to a residue forming the catalytic center (D228), while
CSPs were not observed for the methyl groups from the PDZ do-
main (Fig. 5B). These spectral changes suggest that substrate
binding leads to structural rearrangements involving interprotease
domain contacts and catalytic residues and, hence, to a structure
that is distinct from the open/PDZ-peptide-bound but substrate-
unbound conformation (and referred to subsequently as the “ac-
tive” conformation). As with the binding of the PDZ-peptide, the
low substrate affinity and separate resonances for some of the peaks
corresponding to substrate-bound and free states argues that the
subunit conformational change is much slower than initial substrate
engagement. Interestingly, we note that a very weak NMR signal
from I150 reporting on the active state was observed in the ab-
sence of substrate, which we attribute to the binding of the PDZ-
peptide to the protease domain active site at high PDZ-peptide
concentrations (SI Appendix, Fig. S7 B and C). As described in
some detail in SI Appendix, SI Text, under the conditions of the
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substrate titration (200 mM NaCl, 40 °C), HtrA2 is largely in a
hexameric state as opposed to a trimer at low salt concentrations. The
only very small CSPs upon hexamerization from the trimer are
consistent with little change in subunit structure between the trimeric
and hexameric forms of the enzyme, so that the structural changes
noted for the hexamer upon substrate binding from the titration
would be expected to also occur for HtrA2 in the trimeric state at
lower concentrations (see SI Appendix for further discussion).

Since the formation of the active conformation upon substrate
binding is accompanied by significant interprotomer structural
rearrangements and, furthermore, since only when all three proto-
mers are in the open conformation can activity occur, we reasoned
that the transformation from an open state to a substrate-engaged
active conformation likely involves a highly cooperative transition. If
this is the case, then substrate binding at one protomer would be
strongly modulated by the open/closed status of its neighbors,
explaining why only the PsL; state can become activated. To test this
hypothesis, we analyzed the binding of substrate to an asymmetric

HtrA2 sample prepared by mixing 90% U-H, M-'*CH; V226C/
Y428C S-S-locked/closed and 10% U-H, proR ILV-*CH; native
protomers in the presence of 1 mM PDZ-peptide (Fig. 5 4, Right
and SI Appendix, Fig. STD), where the NMR signal derives only from
protomers that are in the open state and surrounded by locked
neighbors. Notably, the spectrum did not change upon the addition
of a large excess of substrate (2 mM) so that the formation of the
active conformation was effectively suppressed in the asymmetric
sample. This clearly demonstrates that the active HtrA2 conforma-
tion can only be formed from the symmetric open conformation in
which all PDZ domains are PDZ-peptide bound, consistent with
results from the peptidase assays.

Disruption of the Interprotomer HtrA2 Allosteric Network Underlies
Loss of Function in the $S276C Disease Mutant. Our results demon-
strate that HtrA2 function is tightly regulated through an inter-
subunit allosteric signaling network that spans the trimeric structure
of the enzyme. We therefore wondered whether dysregulation of
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Fig. 5. Interprotomer allostery regulates formation of the active conformation. (A, Left) Superposition of '*C-"H HMQC spectra of the symmetric U-2H, proR

ILVM-'3CH; S306A/1441V HtrA2 sample (100 pM), 1 mM PDZ-peptide, in the absence (navy) and presence (orange) of 2 mM substrate (20-fold excess over
HtrA2 protomers). (Center) Selected region of HMQC datasets recorded at four different concentrations of substrate (0, 190, 653, and 2,000 uM) and focusing
on 1150, located at the interprotomer domain interface (see B). (Right) Superposition of 3¢-"H HMQC spectra of the asymmetric HtrA2 sample (150 pM),
prepared by mixing 90% U-?H, Met-'3CH; V226C/Y428C/5306A/1441V S-S-locked/closed protomers and 10% U-2H, proR ILV-'3CH; S306A/1441V protomers,
1 mM PDZ-peptide, in the absence (light green) and presence (orange) of 2 mM substrate. The schematics for each type of sample are shown on top of the
spectra. (B) lle methyl groups with significant CSPs (>1 SD = 0.24 ppm) upon substrate binding are mapped onto an HtrA2 protomer (PDB ID: 1LCY) in orange,
with remaining Ile methyl carbons highlighted as spheres. The residues forming the catalytic triad, H198, D228, and S306 (Ala in the structure), are shown as
magenta sticks. CSPs were calculated as described in the legend to Fig. 3C. (C, Left) Superposition of '3C-"H HMQC spectra of the symmetric U-2H, ILVM-"3CH;
$276C/S306A/1441V HtrA2 sample in the absence (deep green) and presence (orange) of 2 mM substrate. (Right) Superposition of '*C-"H HMQC spectra of the
asymmetric HtrA2 sample prepared by mixing 90% U-2H, $276C/S306A/1441V protomers and 10% U-2H, proR ILVM-"3CH; S306A/1441V protomers in the
absence (light green) and presence (orange) of 2 mM substrate. Schematics for each type of sample are shown above the spectra. (Right Inset) S276 atoms are
shown as spheres in the HtrA2 trimer structure (PDB ID: 1LCY). The neighboring subunit is colored in gray for visualization. (D) Schematic summarizing the
NMR experiments shown in A and C. All NMR data sets were recorded at 23.5 Tesla and 40 °C in the presence of 200 mM NacCl.
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this pathway might be at the root cause for loss of function of the
S276C disease mutant, which was originally identified in mnd2 mice,
an animal model for Parkinson’s disease (20). Although the S276C
mutation abolishes the catalytic activity of HtrA2, it is located far
from the substrate-binding/active site [the distance between 5276
Ca and the nearest catalytic triad residue $306 Ca is >18 A in the
crystal structure (21)], residing within the interprotomer interface
(Fig. 5 C, Right). Thus, it is reasonable to hypothesize that the
S276C substitution may play a role in modulating communication
between subunits.

In order to explore the underlying mechanism responsible for
the loss of function of the S276C mutant, we first prepared a
symmetric sample of S276C HtrA2 with U-’H, ILVM-'*CH;
labeling and recorded HMQC spectra with and without the
PDZ-peptide. NMR spectra of the apo and PDZ-peptide bound
states overlaid well with the corresponding spectra for HtrA2
without the S276C mutation. Small CSPs were only observed for
some of the methyl groups proximal to S276, confirming that the
overall structural differences in the S276C mutant are minimal
and that S276C HtrA2 retains its ability to bind to the PDZ-
peptide, consistent with expectations based on the crystal struc-
ture of this mutant (27) (SI Appendix, Fig. S8 A and B). We also
confirmed by SDS-PAGE that interprotomer disulfide bonds are
not formed as a result of the mutation, which would lead to
cross-linked dimers of HtrA2 (SI Appendix, Fig. S8C). Subse-
quently, HMQC spectra were recorded on symmetric S276C
HtrA2 samples with and without 2 mM substrate in the presence
of 1 mM PDZ-peptide to ensure the formation of fully open/
PDZ-peptide-bound subunits (Fig. 5 C, Left). Notably, spectral
changes were not observed upon the addition of 2 mM substrate,
demonstrating that the S276C mutant is incapable of forming the
active conformation.

In order to obtain further evidence that the S276C mutation
disrupts an allosteric pathway that is essential for the rear-
rangement to the active state we prepared an asymmetric HtrA2
sample by mixing 90% U-H $276C mutant protomers (NMR
invisible) and 10% U-*H, proR ILVM-"*CHj3 native protomers
(NMR visible) in the presence of 1 mM PDZ-peptide (Fig. 5 C,
Right). Particles with either one or two native subunits could be
observed in NMR spectra, corresponding to 82 and 18% of the
resulting signal, respectively, and hence, the effect of neighbor-
ing S276C protomers on substrate binding to wild-type proto-
mers could be established. Interestingly, even in the presence of
>~30-fold excess substrate (2 mM) over HtrA2-binding sites, the
active conformation was not observed. Clearly, the presence of at
least one diseased protomer is able to disrupt the ability of the
remaining native subunits to transition from the PDZ-bound/
open conformation to the active state, as noted for the case of
asymmetric molecules comprising mixtures of native and
disulfide-locked subunits. The structural transition to an active
conformation is thus a highly concerted process involving all
three wild-type protomers in a trimer communicating via an in-
tact allosteric signaling network (Fig. 5D).

Discussion

In this study, we have elucidated the important role of inter-
protomer communication in regulating the function of the
HtrA2 chaperone/protease that plays an integral role in mito-
chondrial proteostasis (13-17). This was achieved by preparing
HtrA2 subunits in defined conformational states through Cys-
based chemistry followed by using a subunit mixing strategy to
generate symmetric and asymmetric HtrA2 molecules that could
then be studied by methyl-TROSY-based NMR spectroscopy. In
this study and in the one preceding it by our group (26), we have
chosen to work with peptides that either bind to PDZ domains or
to the catalytic (substrate-binding) sites so as to separate these
two binding processes and establish how each affects the struc-
tural dynamics of HtrA2. Physiological protein substrates would
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normally bind to the PDZ domain via C-terminal residues and to
the active site via a two-pronged mechanism.

Our results establish that HtrA2 function is regulated on
several different levels (Fig. 6). First, we previously showed that
trimeric apo-HtrA2 dimerizes to form a hexameric structure,
which has a much lower affinity for the PDZ-peptide, hence
serving as a reservoir for HtrA2 trimers (26). Second, the binding
of the PDZ-peptide (or the C terminus of HtrA2 substrates) to
PDZ domains of HtrA2 occurs in a positive cooperative sequential
process, forming an open conformation that is not yet active. The
binding of the PDZ-peptide to one subunit allosterically primes
adjacent subunits for subsequent binding. Third, the active con-
formation is generated in a highly cooperative, concerted manner
through an interprotomer allosteric network.

A picture emerges whereby the binding of a PDZ-peptide is
transmitted to adjacent protomers through interprotomer
protease—protease domain interfaces. This leads to changes in
structural dynamics in the neighboring (unbound) protomers,
specifically at the intrasubunit protease-PDZ domain interface
that is captured in our experiments as increases in ps—ms timescale
conformational exchange. The altered dynamics at the domain
interface likely “prime” the PDZ domain to open, hence under-
lying the positive cooperative binding of successive peptides. The
open/PDZ-peptide-bound HtrA2 conformation (all three sub-
units are bound) is not yet catalytically active (i.e., it is open in-
active). An active state occurs through the binding of substrate
that is accompanied by a concerted conformational transition re-
quiring the participation of all three subunits of the trimer. When
one (or more) of the protomers is fixed in a closed conformation,
or contains the S276C disease mutation, an active state cannot be
formed. It is likely that this extensive interprotomer allosteric
regulation is important for the function of HtrA2 as a stress-
protective protease. The activation scheme described above en-
sures that HtrA2 is maintained in an inactive conformation until
all three PDZ domains are occupied with PDZ-binding motifs
from substrates. Thus, HtrA2 becomes catalytically active only
when the concentration of potential substrates is high and there-
fore toxic to the cell, and uncontrolled cleavage of nonsubstrate
proteins under basal conditions is thus suppressed.
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Protease peptide peptide o
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Fig. 6. Summary of the interprotomer allosteric regulation of HtrA2 acti-
vation. HtrA2 oligomerization in the apo state, sequential PDZ-peptide
binding to HtrA2, and the formation of the active conformation of HtrA2
upon the binding of substrate are summarized in schematic form. The $276C
mutation inhibits the formation of the active conformation of HtrA2.

Toyama et al.
Dissecting the role of interprotomer cooperativity in the activation of oligomeric
high-temperature requirement A2 protein


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111257118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111257118/-/DCSupplemental
https://doi.org/10.1073/pnas.2111257118

The functional importance of the HtrA2 trimeric architecture
is made clear in the context of the intersubunit allosteric network
identified in this work. Indeed, monomeric mutants of HtrA2 are
known to be inactive (21, 28, 29), suggesting that closed to open/
active structural rearrangements require an oligomeric back-
ground. Dysregulation of the allosteric network that couples
subunits within the trimer through mutations at the protomer—
protomer interface can lead to disease. For example, the S276C
HtrA2 mutant is catalytically inactive, and our studies show that
the concerted motions of the protease domains within HtrA2 can
no longer occur. Heterozygous mnd2 mice, having only one copy
of the S276C mutant allele, do not exhibit early lethality, yet the
HtrA2 extracted from these animals shows reduced activity (~50
to 70%) (20, 50, 51). In line with our HtrA2 activation scheme, the
considerable dominant-negative effect of the mutant allele in
heterozygous mice likely results because a major fraction of the
assembled HtrA2 trimers contain one or more S276C mutant
protomers and is therefore not functional. Partial HtrA2 activity
would be observed, however, since a nonzero fraction of func-
tional HtrA2 trimers (i.e., all three protomers are wild type) would
be present. We note that the physiological consequences of having
hetero-oligomeric particles containing one or more protomers
with disease mutations have been studied for VCP/p97, a human
proteostasis protein, using a similar NMR-based approach (41).

Our detailed structural description of the HtrA2 activation
mechanism is of interest for understanding the function of
oligomeric proteins within the framework of the classical models
describing allostery. Our functional data establish that the se-
quential binding of PDZ-peptides to HtrA2 occurs with con-
comitant PDZ domain opening, consistent with the well-known
Koshland-Némethy-Filmer (sequential) description of allosteric-
binding transitions (52). On the other hand, we have shown that
the subsequent open/inactive to active conformational reorgani-
zation of the protease domains is likely to be highly concerted.
This type of structural transition is in line with the Monod-
Wyman-Changeux (concerted) model of allostery (53). Notably,
these two binding processes occur within different domains of the
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HtrA2 protomer, with very different sets of domain interactions at
play. For example, interprotomer contacts are exclusively formed
between protease domains, and interprotomer PDZ-PDZ interac-
tions are not observed. It is therefore not surprising that the binding
events can be described by opposing classical models of allostery or
via what is often referred to as nested allostery (54-56).

We have demonstrated that HtrA2 function is tightly regu-
lated through an extensive interprotomer allosteric network in-
volving a homo-trimeric architecture. Central to this work has
been the utility of solution NMR spectroscopy to focus on a single
protomer in the context of an oligomeric structure, thus providing
insights into allosteric processes that cannot be obtained through
bulk studies in which all protomers contribute to the observed
signal. The strategies developed here pave the way for further
elucidation of the important ways in which interprotomer allostery
regulates both function and misfunction in oligomeric proteins.

Materials and Methods

HtrA2 proteins were expressed in Escherichia coli and purified by Ni-affinity
chromatography, hydrophobic interaction chromatography, and size exclu-
sion chromatography. All NMR measurements were performed at 23.5 Tesla
(1 GHz "H frequency) or 14.0 Tesla (600 MHz "H frequency). The structures of
HtrA2 for visualization were generated using UCSF ChimeraX (57). Details of
protein expression and purification and of NMR experiments are provided in
SI Appendix.

Data Availability. All relevant data are included in the paper and S/ Appendix.
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