PNAS

BIOPHYSICS AND COMPUTATIONAL BIOLOGY

Check for
updates

Structural basis of protein substrate processing by human
mitochondrial high-temperature requirement A2 protease

a,b,c,d

Yuki Toyama®P<™ @, Robert W. Harkness®*><@, and Lewis E. Kay

Edited by Adriaan Bax, National Institutes of Health, Bethesda, MD; received February 21, 2022; accepted March 16, 2022

The human high-temperature requirement A2 (HtrA2) protein is a trimeric protease
that cleaves misfolded proteins to protect cells from stresses caused by toxic, proteina-
ceous aggregates, and the aberrant function of HtrA2 is closely related to the onset of
neurodegenerative disorders. Our methyl-transverse relaxation optimized spectroscopy
(TROSY)-based NMR studies using small-peptide ligands have previously revealed a
stepwise activation mechanism involving multiple distinct conformational states. How-
ever, very little is known about how HtrA2 binds to protein substrates and if the dis-
tinct conformational states observed in previous peptide studies might be involved in
the processing of protein clients. Herein, we use solution-based NMR spectroscopy to
investigate the interaction between the N-terminal Src homology 3 domain from down-
stream of receptor kinase (drk) with an added C-terminal HtrA2-binding motif (drkN
SH3-PDZbm) that exhibits marginal folding stability and serves as a mimic of a physio-
logical protein substrate. We show that drtkN SH3-PDZbm binds to HtrA2 via a two-
pronged interaction, involving both its C-terminal PDZ-domain binding motif and a
central hydrophobic region, with binding occurring preferentially via an unfolded
ensemble of substrate molecules. Multivalent interactions between several clients and a
single HtrA2 trimer significantly stimulate the catalytic activity of HtrA2, suggesting
that binding avidity plays an important role in regulating substrate processing. Our
results provide a thermodynamic, kinetic, and structural description of the interaction
of HuA2 with protein substrates and highlight the importance of a trimeric architec-
ture for function as a stress-protective protease that mitigates aggregation.

mitochondrial proteostasis | ligand-binding thermodynamics | methyl transverse relaxation optimized
NMR spectroscopy | conformational selection | protein-protein interaction

Many proteins must fold into a well-defined three-dimensional (3D) structure in order
to properly function. When this process fails, these molecules can form toxic aggregates
via exposed hydrophobic regions that are typically sheltered in the properly folded
structure. Increasing evidence suggests that the accumulation of toxic aggregates of mis-
folded proteins is causative for various neurodegenerative disorders, such as Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease (1-3). Cells are equipped with
quality-control machinery to counteract these stresses, which either assist protein
refolding or target proteins for degradation. High-temperature requirement A (HtrA)
proteases are an important class of stress-protective enzymes, widely conserved from
bacteria to mammals, whose main function is to cleave toxic proteins in an adenosine
5'-triphosphate (ATP)-independent manner (4-6). Their activities are not limited to
the degradation of misfolded proteins, however, but also include roles as protein chap-
erones and proteases of regulatory proteins involved in various cell-signaling pathways,
such as cellular proliferation, mobility, and apoptosis (4).

Human HtrA2, also known as the Omi protease, is an HtrA protease that is primar-
ily localized to the mitochondrial intermembrane space (7-9). There is increasing evi-
dence that HtrA2 plays a prominent neuroprotective role by degrading toxic aggregates
in mitochondria (9-14) and that its aberrant function results in deregulation of mito-
chondria and, ultimately, in the onset of neurodegenerative disorders (10, 12-16). This
notion is further supported by the finding that missense mutations in the HTRA2 gene
are present in patients with Parkinson’s disease or essential tremor (17, 18). The crystal
structure of HerA2 has been solved, revealing a pyramid-shaped homotrimer, in which
each HurA2 protomer is composed of one copy each of serine protease and PDZ
(PSD-95, DLG, and ZO-1) domains, with intertrimer interactions mediated by
protease—protease contacts (Fig. 1 A, Upper Left and Righ?) (19). In the crystal struc-
ture, the catalytic center in the protease domain is formed by H198, D228, and S306,
which is occluded by the PDZ domain, precluding substrate binding. Thus, the crystal
structure is thought to represent a closed-inactive conformation that cannot bind and,
thus, cleave client molecules (6, 19).
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A HtrA2 protease
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Fig. 1. drkN SH3-PDZbm, but not drkN SH3, is cleaved by HtrA2. (4)
Domain organization of HtrA2 (Left Upper) and cartoon representations of
three states of HtrA2 (Left Lower) (31, 32). (A, Right) The crystal structure of
trimeric HtrA2 (Protein Data Bank [PDB] ID code 1LCY) in the closed state is
shown. The protease (residues 134 to 345) and PDZ (residues 359 to 458)
domains are colored pink and light blue, respectively. The region contain-
ing residues 282 to 290 (B8-p9 linker) and 344 to 358 (interdomain linker)
are shown with dotted lines. The catalytic center residues (residues 198,
228, and 306) are shown as orange spheres in one of the subunits. (B)
NMR structure of drkN SH3 T22G mutant (PDB ID code 2A36) (37) and sche-
matic representation of the equilibrium between the folded and unfolded
states of the domain. (C) Schematic representations of the drkN SH3 con-
structs (drkN SH3 and drkN SH3-PDZbm) used in this study. (D) Gel-based
proteolytic activity assays of HtrA2 against drkN SH3 or drkN SH3-PDZbm.
The assignments of each band are shown to the right.

A mechanistic understanding of HtrA2 function as a stress-
protective protease, necessary to establish a therapeutic strategy tar-
geting HerA2 (5, 20), requires an in-depth study of HerA2—protein
substrate interactions. Molecular biology and proteomics studies
have identified an array of physiological substrates of HtrA2, which
include regulators of the apoptotic and mitotic pathways (9,
21-20), as well as proteins that can form toxic aggregates, such as
amyloid-f and o-synuclein (27-29). However, little is known
about the kinetics, thermodynamics, or structural dynamics of the
interaction of HtrA2 with protein partners, presumably due to
the disordered and/or heterogeneous nature of these clients,
which hampers high-resolution structural analyses. Most of the
studies so far have been limited, therefore, to biochemical char-
acterizations of the interactions of HtrA2 with short peptide
ligands. An early study by Martins et al. (30) determined the
optimal sequence for cleavage from a peptide library and also
showed that a short hydrophobic peptide that binds to the PDZ
domain of HtrA2 (GQYYFV, hereafter referred to as a PDZ-
binding motif) greatly enhances the catalytic activity toward sub-
strate peptides. While this study established that at least two
cooperative interactions involving protein substrates are expected
to be in play (one with the PDZ domain and a second with the
protease domain of an HtrA2 protomer), little insight into the
binding of protein clients and concomitant enzyme activation
was forthcoming, since structures of neither an active nor a
substrate-bound state were available.

https://doi.org/10.1073/pnas.2203172119

In a previous set of studies, using solution-state NMR spectros-
copy focusing on side-chain methyl groups (31, 32), we elucidated
the activation mechanism of HtrA2 by using two different
short peptides (30), one that contains the PDZ-binding motif
(DDGQYYFV; in what follows, referred to as PDZ-peptide) and a
second sequence with an efficiently cleaved site (IRRVSYSF; here-
after referred to as substrate peptide), as illustrated in Fig. 14. We
demonstrated that, in the absence of these peptides, HtrA2 adopts
a closed conformation, which is consistent with the known crystal
structure (referred to in what follows as the C state). The binding
of PDZ-peptide to trimeric HtrA2 occurs in a stepwise manner
with positive cooperativity, leading to the formation of an open
conformation, whereby the PDZ and protease domains are dissoci-
ated from each other (Fig. 14). Our NMR analyses and peptidase
assays indicated that this PDZ-peptide-bound open conformation
is not catalytically competent (open inactive [OI] state). Subse-
quent binding of the substrate peptide to the exposed catalytic cen-
ter of the OI state leads to a catalytically active conformation, i.e.,
the open active (OA) state, which involves cooperative structural
transitions of the protease domains, revealing an extensive interpro-
tomer network that regulates HtrA2 function (32).

These studies, and others preceding them (30, 33-35),
focused on small peptides. As many known clients of HtrA2
are intact proteins (9, 21-26), it is of considerable interest to
examine a protein substrate and to establish whether the same
HtrA2 conformations identified using small peptide substrates
are at play when processing protein molecules that can assume
folded conformations. Further, what are the structures of pro-
tein clients when bound to HtrA2, and how does HtrA2
discriminate between substrate and nonsubstrate proteins?
Solution NMR spectroscopy is well-suited to these types of
investigations, as it offers the ability to analyze dynamic
enzyme—substrate interactions at the atomic level. In contrast,
the potentially disordered nature of substrate clients and the
structural heterogeneity of the resulting complexes challenges
similar studies by many other techniques.

Here, we present an NMR-based, thermodynamic, kinetic,
and structural analysis of the interaction between HerA2 and a
metastable model protein substrate, the N-terminal Src homol-
ogy 3 domain from downstream receptor kinase (drkN SH3),
to which a PDZ-binding motif has been added to its C termi-
nus, as is present in physiological substrates, to promote
docking to HtrA2. We show that HtrA2 binds to this substrate
protein via a two-pronged interaction involving 1) the
C-terminal PDZ-binding motif of drkN SH3 and the PDZ
domain of HtrA2; and 2) a hydrophobic region in the middle
of the drkN SH3 molecule and the catalytic center in the pro-
tease domain. Based on proteolytic assays of HtrA2 using an
oligomeric drkN SH3 substrate, we demonstrate that HerA2
cleaves oligomeric clients more efficiently than their monomeric
counterparts, suggesting that binding avidity plays a significant
role in regulating substrate cleavage. Our NMR study estab-
lishes that HtrA2 preferentially binds to a transiently sampled
unfolded state of drkN SH3, rather than the folded conforma-
tion, via a conformational selection mechanism. More generally,
it provides insight into how HtrA2 recognizes and processes pro-
tein clients and adds to our understanding of the mechanism by
which HtrA2 functions as a stress-protective protease.

Results

HtrA2 Cleaves drkN SH3 Possessing a C-Terminal PDZ-Binding
Motif. As described in the introduction, studies of HtrA pro-
teins have largely focused on peptide mimics of protein
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substrates. In order to provide insight into interactions involv-
ing proteins that can assume fully folded structures, we have
used drkN SH3 (residues 1 to 59) as a potential substrate of
HtrA2. Unlike many other SH3 domains that form stably
folded B-barrel structures, drkN SH3 exists in an equilibrium
between folded and unfolded states at near-neutral pH and
ambient temperature (folded:unfolded ratio of ~2:1 at pH 6
and 20°C) (Fig. 1B) (36, 37). Because of this metastability,
drkN SH3 has been utilized as a model system to study aspects
of protein folding or to investigate chaperone—client interac-
tions (38—41).

We first performed a sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE)-based proteolysis assay moni-
toring the cleavage of drkN SH3 by wild-type (WT) HtrA2.
To compare the proteolytic activity between the closed and
open forms of HtrA2, we measured the activity in the presence
and absence of 1 mM PDZ-peptide (DDGQYYFV) that binds
to the PDZ domain of HtrA2, inducing an open conformation
that is required for activity (19, 31). In addition, we prepared
a fusion protein in which the PDZ-binding motif (bm),
GQYYFV, is attached to the C terminus of drkN SH3 (referred
to as drkN SH3-PDZbm) (Fig. 1C). Since it has been proposed
that HtrA2 recognizes the C-terminal tails of substrates through
their PDZ domains, drkN SH3-PDZbm is expected to serve
as a mimic of a physiological substrate. Cleavage was not
observed, neither in the presence nor absence of PDZ-peptide,
upon incubating WT HtrA2 (10 pM as a monomer) with 5
equivalents of drkN SH3 at 37 °C. In contrast, efficient cleav-
age of drkN SH3-PDZbm was observed, forming ~4-kDa frag-
ments (Fig. 1D). Liquid chromatography-mass spectrometry
(LC-MS) analyses of the cleaved products were performed, iden-
tifying cleavage sites at 127-128, 128-N29, and M30-E31,
consistent with cleaved fragments of ~4 kDa, as observed via
SDS-PAGE (S Appendix, Table S1).

These results establish that drkN SH3 requires a C-terminal
PDZ-binding motif for efficient cleavage by HtrA2, suggesting
a synergistic binding process involving contacts between 1) the
PDZ-binding motif and the PDZ domain; and 2) the substrate
cleavage site and the active site on the enzyme. To test whether
PDZ-binding motifs are required for the efficient processing of
other protein substrates, we performed the same proteolysis
assays using the DNA binding domain of the a-helical human
telomeric repeat binding factor 1 (h'TRF1) and a triple mutant
of the P-sheet containing Src homology 3 domain from Gallus
gallus Fyn tyrosine kinase (A39V/N53P/V55L Fyn SH3), both
of which showed marginal folding stability and have been
widely used to analyze chaperone—client interactions (42-49)
(81 Appendix, Fig. S1). Similarly, as observed for drkN SH3,
these proteins were efficiently cleaved only when the PDZ-
binding motif was attached to the C terminus.

Stepwise Binding of drkN SH3-PDZbm Induces the Formation
of the Catalytically Active Conformation of HtrA2. Having
established that drkN SH3-PDZbm serves as a model substrate
for HtrA2, we next used NMR to analyze the structural
changes of HtrA2 that accompany formation of a drkN SH3-
PDZbm-—protease complex. As the molecular mass of trimeric
HirA2 is 105 kDa, methyl transverse relaxation optimized spec-
troscopy (methyl-TROSY) was employed, which facilitates the
recording of high-resolution and high-sensitivity NMR spectra
of protein complexes with molecular masses of hundreds of
kilodaltons (50, 51). In the approach used here, samples were
prepared with 1SCH; labeling at Iled1, Leudl (proR), Valyl

(proR), and Mete positions in an otherwise deuterated
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background (referred to as U-?H, proR ILVM—13CH3 labeling
in what follows) (52-54) and ">C-"H heteronuclear multiple
quantum coherence (HMQC) spectra, which preserve slowly
relaxing NMR signals, were recorded. In the following NMR
analyses, two background mutations were introduced into
HtrA2, including S306A, in which the catalytic Ser residue was
replaced with Ala to suppress self-cleavage at high protein con-
centrations, and 1441V, which suppresses the formation of a
ligand-binding-incompetent hexamer (31).

In our previous NMR analyses, we identified several well-
resolved methyl probes that are sensitive to different conforma-
tional states of HtrA2 (31, 32). Fig. 24 shows spectra with
cross-peaks derived from C, OI, and OA states that were
obtained with samples containing only HtrA2 (Fig. 2 A, Lefd),
HtrA2 with PDZ-peptide (Fig. 2 A, Center), and HurA2 with
both PDZ and substrate peptides (Fig. 2 A, Right), respectively.
The methyl-probes from the PDZ domain (1362, L377, and
M420) inform on the binding of PDZ-peptide to generate the
Ol state, while I150 at the interprotomer interface of each of
the three equivalent protease domains is sensitive to the forma-
tion of the OA state. Some of the probes from the protease
domain (1164 and 1274) are sensitive to the presence of both
OI and OA states. The assignment of these signals to specific
states was confirmed by magnetization-exchange experiments
correlating chemical shifts from different conformers that
exchange slowly on the NMR chemical-shift timescale (57
Appendix, Fig. S2 B and (). It should be noted that distinct
chemical shifts were often observed for methyl probes in each
state, consistent with their slow interconversion that is accom-
panied by significant structural changes. We next prepared a
U-’H, proR ILVM-'"CHj-labeled HtrA2 sample and recorded
C-"H HMQC spectra in the presence of various concentra-
tions of U-"H,"”"N drkN SH3-PDZbm (Fig. 2B and S/
Appendix, Fig. S2A4). Upon addition of drkN SH3-PDZbm, we
observed the successive transition from C to Ol states up to an
approximate 1:1 drkN SH3-PDZbm:HtrA2 monomer concen-
tration, as well as a transition from OI to OA states when an
excess of drkN SH3-PDZbm was added (Fig. 2B). These
results establish that binding of drkN SH3-PDZbm to HtrA2
proceeds via a two-pronged mechanism, as previously char-
acterized using short peptides (31, 32), with the first prong
involving the C-terminal PDZ-binding motif~-PDZ-domain
interaction, forming a tethered substrate and responsible for the
C to OI transition at the level of an individual HtrA2 proto-
mer, and the second prong resulting from binding of drkN
SH3-PDZbm to the protease active site, inducing the OI to
OA conformational switch.

Prior to a quantitative analysis of the titration profile (Fig. 2
Band O) by model fitting, a number of important points can
be made through a simple inspection of the data. First, the
population of the C state decreases rapidly with increasing
ligand and is largely depleted when an equimolar amount of
ligand is added, while the OA state increases relatively slowly
(I150 and 1274 of Fig. 2C). This suggests that the OA state is
only substantially formed after the PDZ domains are almost
fully occupied by the C-terminal PDZ-binding motifs of drkN
SH3-PDZbm, consistent with our previous observations when
separate PDZ- and substrate-peptides were used (31, 32). Sec-
ond, in the presence of an equimolar amount of drkN SH3-
PDZbm, where the PDZ domains of HtrA2 were almost fully
occupied, signals from both OI and OA states were observed
for 1150 and 1164. Thus, despite the high local concentration
of substrate available, not all of the active sites on HtrA2 are
bound (second prong of the interaction, triggering formation
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Fig. 2. Binding model of drkN SH3-PDZbm to HtrA2. (A, Left) Close-up view of HtrA2 monomer structure showing methyl probes used in the titration analy-

ses as purple spheres (PDB ID code 1LCY). (4, Right) The "*C-"H HMQC correlati

on maps of the methyl signals that show distinct chemical shift differences

between the C (blue), Ol (purple), and OA (red) states. The cartoon representations of each state are shown on top of the spectra. The spectra of Ol and OA
states were recorded in the presence of 1 mM PDZ-peptide (Ol) or both 1 mM PDZ-peptide and 2 mM substrate peptide (OA) (40°C and 23.5 Tesla). (B) The

3C-"H HMQC correlation maps of 150 uM (monomer concentration) U-°H, proR |

LVM-"3CH3 S306A/1441V HtrA2 with varying concentrations of U-2H,">N drkN

SH3-PDZbm (40 °C and 18.8 Tesla). (C) Plots of the intensities of methyl correlations as a function of the concentration of drkN SH3-PDZbm. The solid lines
are the fitted curves, and the 95% Cl of each fitted curve is contained within the thick line estimated from Monte Carlo error analyses (84). The fractional
populations of the C, Ol, and OA states calculated from the fitted parameters are shown in C, Right Bottom. In each plot, the concentration of one equivalent

added ligand is indicated as a dotted vertical line. (D) Thermodynamic binding

model along with cartoon representations of each state used in fits of the

titration data. The best-fit values and the estimated errors of the parameters are shown below the model (see Stepwise Binding of drkN SH3-PDZbm Induces
the Formation of the Catalytically Active Conformation of HtrA2 for details). Equations for fractional populations of the C, Ol, and OA states and the total protein
concentration are also listed. Eq., equivalent; N term, N terminus; C term, C terminus.

of OA), consistent with a relatively weak contact involving the
substrate and protease domains. Finally, the signal intensities
reporting on the OA state continue to increase, even after the
addition of more than one equivalent of drkN SH3-PDZbm,
suggesting that additional substrate molecules can access
HtrA2’s active sites without first binding to the PDZ domain.
We have fit a thermodynamic model to the NMR titration
profiles, taking into account the observations noted above (Fig.
2 Cand D). The model, motivated by previous peptide studies
(31, 32), includes free (Ps), partially ligated (2L and P3L,,
where one or two ligand molecules are tethered to a trimer,
respectively), and fully bound (P513) trimeric states describing
the stepwise binding of the C-terminal PDZ-binding motif of
drkN SH3-PDZbm to the PDZ domains of HtrA2. As
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highlighted in Fig. 2D, the protomers in these states range
from all closed (P5) to all open (P3L53), but the HtrA2 mole-
cules are inactive. In addition, two distinct catalytically active
states, 313 and P*314 (asterisk denotes the OA state), are
included, with substrates bound at the protease active sites.
These substrates can either be tethered to HtrA2 via their
PDZ domains (P*3L3) or one of the four untethered (three of
the four ligands in P*3L are tethered), accounting for the fact
that the population of the OA state increases at substrate con-
centrations beyond where the PDZ domains of the enzyme
are saturated. Following our previous analyses of the binding
of PDZ-peptides to HtrA2 (31), we assume that the unbound
and bound protomers in each P5L; (j € 0-3) conformer con-
tribute to signals from the C and OI states, respectively, as
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2520(3 —j)[P5L;] (state C) and Z;:lj[P_:;Lj] (state OI), and
that successive binding events occur with positive cooperativ-
ity (o factor in scheme of Fig. 2D), as observed previously in
peptide titrations (31, 32). Due to the inherent complexity of
the binding scheme, we chose to fix some of the equilibrium
constants. First, the cooperativity factor a was set to 2.1, a
value estimated from cooperativity values measured from a
previous titration using PDZ-peptides (31). Second, the asso-
ciation constant for the P313 + L — P*3L4 reaction (Kj3),
corresponding to the binding of a nontethered drkN SH3-
PDZbm substrate to the protease domain of HtrA2, was esti-
mated from a second titration experiment and then fixed in
fits of the model of Fig. 2D. In this second experiment,
described in detail in SI Appendix, SI Materials and Methods,
PDZ-peptides were covalently attached to PDZ domains of
HtrA2 via cysteine-based chemistry to create the Ol state, as
described (32), and the modified HtrA2 was subsequently
titrated with drkN SH3-PDZbm. A value of K = 5,470 M~
was obtained in this manner (S/ Appendix, Fig. S3). The
NMR titration profiles (Fig. 2C) could be well explained by
the branched model of Fig. 2D, with the equilibrium con-
stants for each binding process obtained as shown. Notably,
binding of substrate to the PDZ domains (prong 1), forming
tethered client molecules, occurs with higher affinity than the
subsequent association of client with the protease domains
(prong 2). Alternative models lacking the branched path from
the P35 state (i.e., only one of P*3L; and P*3L4 present)
were poorly fit to the data (SI Appendix, Fig. S4).

It is important to stress that, although the population of
each state can be established from this titration, information is
not available as to the number of protease-bound substrates in
each conformer. The present titration is focused exclusively on
HtrA2, and the methyl probes are localized to the intertrimer
interface that is sensitive to transitions between OI and OA
conformers (32), and not to the number of protease-bound
ligands per se. Thus, from these data alone, it is not possible to
ascertain whether P3L3, for example, has zero, one, or two sub-
strates engaged with the three active sites of the trimer,
although, by definition, all three PDZ domains are occupied. It
is also not possible to distinguish a scenario in which binding
of a single substrate to a protease-domain active site triggers
formation of OA from one where all three substrates are
required to bind for the OI to OA transition to occur. Never-
theless, in combination with a related NMR analysis, in which
signals from drkN SH3-PDZbm were observed in a relaxation-
based experiment, as described in drkN SH3-PDZbm Binds to
HtrA2 via a Conformational Selection Pathway, it is possible to
estimate that all three protease domain—substrate interactions
are formed in state OA (315 and P*3L4) and that, likely, two
such interactions also exist in the OI state P313 (Discussion).
This situation is indicated in Fig. 2D. Thus, according to our
model, the transition from the OI to the OA HtrA2 conforma-
tion occurs only when all active sites are bound, with the unim-
olecular equilibrium between OI and OA states favoring OI
(K = 0.33 + 0.05). Details of the model fitting are described
in SI Appendix, SI Materials and Methods.

Synergistic Binding of Substrates Enhances the Proteolytic
Activity of HtrA2. The thermodynamic model described in the
previous section assumes that formation of the OA state occurs
only after all PDZ domains in a trimer are bound with sub-
strate, consistent with results from our previously described
protomer-mixing experiments (32), where preventing substrate
binding to a single protomer was sufficient to eliminate activity.

PNAS 2022 Vol.119 No.17 2203172119

In this case, it might be predicted, therefore, that substrates
able to form a tripartite interaction involving tethering to all
three PDZ domains at once would be more efficiently cleaved
by HetrA2. In order to test this, we performed a proteolytic
activity assay against an engineered oligomeric substrate that is
expected to exhibit strong binding avidity.

We designed a trimeric version of drkN SH3-PDZbm and
compared proteolysis rates relative to a drkN SH3-PDZbm
monomer (Fig. 3 A and B). To stabilize the trimeric structure,
a trimerization domain from the T4 bacteriophage fibritin pro-
tein was fused to the N terminus of drkN SH3-PDZbm
(55-58), with a flexible linker (seven repeats of GGGGS)
inserted between the trimerization domain and drkN SH3-
PDZbm to ensure that all three drkN SH3-PDZbm copies had
enough flexibility to simultaneously interact with trimeric
HtrA2. The formation of the client trimer was confirmed by
using multangle light scattering coupled with size-exclusion
chromatography (SEC-MALS), where the molecular mass of
the fusion protein (41.7 + 0.4 kDa) was about threefold larger

A drkN SH3-PDZbm
drkN SH3

N-C—————— -C 7.7kDa
1 59 65

Trimeric drkN SH3-PDZbm
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13.3 kDa (1mer)
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1 6 32 "68 127 133 (39.8kDa (3mer)
N
B N C
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Fig. 3. Trimeric drkN SH3-PDZbm is cleaved more readily than the mono-
meric form. (A) Schematic representations of drkN SH3-PDZbm (Upper) and
trimeric drkN SH3-PDZbm (Lower) constructs used in this study. (B) Cartoon
model of trimeric drkN SH3-PDZbm. NMR-based structures of the trimeri-
zation domain (PDB ID code 1RFO) and drkN SH3 (PDB ID code 2A36) are
shown. (C) SEC-MALS profiles of drkN SH3-PDZbm (green) and trimeric
drkN SH3-PDZbm (gold). Curves show absorbance at 280 nm (left y axis)
and the dots indicate molecular masses (right y axis, log scale). (D) Gel-
based proteolytic activity assays monitoring the degradation of drkN SH3-
PDZbm (Left) or trimeric drkN SH3-PDZbm (Right) by WT HtrA2. The time
course of the reaction was monitored by SDS-PAGE. (E) Plots of the fraction
of intact protein, as measured by intensities on an SDS-PAGE gel, as a func-
tion of incubation time. The intensities were normalized to those obtained
at 0 min, and the profiles were fit to a single exponential decay function.
The apparent cleavage rates (k) are shown. Error bars correspond to one
SD based on triplicate measurements.

https://doi.org/10.1073/pnas.2203172119 5 of 11


https://dx.doi.org/10.1073/pnas.2203172119
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203172119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203172119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203172119/-/DCSupplemental

A ILVM-drkN SH3-PDZbm D MTC30-drkN SH3-PDZbm E

+0.5 eq. HrA2 ZZ-exchange experiment observing MTC30

Folded (F) FeU
lle MTC30 15 8
s CH, 210 6 2 io¥
10.0 A ~s Kinetic § & MO4
= 129 lle signals (U) 524'5 “C-'H HMQC scheme £ 0 5
3 L g S
§ sl B 50| , 2 R F B 0 100 200 0 100 200
= = v u B F VA Unfolded (U) U=8B
o - MTC30 \ 8
g i 9 255 Ker 15
15.0 153F 2 24 23 22 21 e | Tk B 210 6
~ |Fi Folded 'H-'H ZZ-exchange FULTuF c 4
UUnigided (35 2110, = 50ms) Fop o, 28 2(f 286
- — A F / 0 0
08 06 04 02 E ,,|FV “"E;% U [ 0 100 200 0 100 200
18 = BoU L Bound (B) FeB
Leu/Val = 23 BoF 15 8 e
L o2 Y 2> -
_ Unbound V65~ T 310 6 A B—F
E 20|(PDz-motif) \*= b U USB UsF 5 M“
g - 241 % g5 2 W
e 22 - 24 23 22 21 0 0 100 200 0 0 100 200
L T - 'H [F] (ppm) f (M5) e (1)
12 10 08 06
H (ppm) F e Induced fit G
Folded tethered 1500
B C R, , rates of folded drkN SH3-PDZbm (40°C) %
1
307 (<) HurA2 + HtrA2 2-1\’—' 07s 1
= —
® 20 _ — NS & 1000
10 16 Unfolded =
Q +05s" bovnd EJ
-0 0,
T R AN R NS e N e NRD Folded 24.8 % §
T8 TRE=EITSE T = i 500
-3 25373333 4.710.43‘11‘\1,8.110.85'1
o, I
C 2t of folded drkN SH3-PDZbm (10°C) Unfolded Unfolded 210 H
ethere +1.1s
(-) HtrA2 Bound 0
=20 49 U—B F-U—B F—-B
E + HtrA2 // 324% - -e ~ )
© — Induced fit
o -~ 20.5
2] +0.8s"

Fig. 4. Structural characterization of drkN SH3-PDZbm bound to HtrA2. (A) The 3C-"H HMQC correlation maps of lle (Upper) and Leu/Val (Lower) regions of
150 pM U-2H, ILVM drkN SH3-PDZbm with (pink, single contour) and without (navy, multiple contours) 150 pM (monomer concentration) U-2H, S306A/1441V
HtrA2. The folded, unfolded, and HtrA2-bound states are denoted as F, U, and B, respectively. (B) Plots of '3C single-quantum transverse relaxation rates
using a 2-kHz Carr-Purcell-Meiboom-Gill field, with (pink) and without (navy) U-?H, S306A/1441V HtrA2 (40 °C and 23.5 Tesla). (C) Plots of the order parame-
ter squared multiplied by the rotational correlation time (5%.,stc) of methyl threefold symmetry axes (folded state of drkN SH3-PDZbm) with (pink) and with-
out (navy) U-2H, S306A/1441V HtrA2 (10°C and 23.5 Tesla). (D) The "*C-"H HMQC (Upper) and '3C-edited "H[t;]-tmix-'HIt2] ZZ-exchange [Lower (68)] datasets
recorded on 150 pM U-2H, ILV-">CHs, M30C '>C-MMTS-labeled drkN SH3-PDZbm in the presence of 75 uM (monomer concentration) U-2H S306A/1441V
HtrA2 (50-ms mixing time, 23.5 Tesla, and 40 °C). The asterisk denotes a signal from an impurity. The chemical structure of the MTC group is shown above
the spectra. (£, Left) Triangular kinetic scheme showing the interconversion between F, U, and B states of drkN SH3-PDZbm. (E, Right) ZZ-exchange profiles of
diagonal and exchange cross-peaks as a function of mixing time. The solid lines are the fitted curves, and the 95% CI of each fitted curve is contained within
the thick line estimated from Monte Carlo error analyses. The two symmetric cross-peaks (e.g., U—F and F—U) are plotted separately as circles and trian-
gles. (F) Cartoon representations of the kinetic scheme describing the binding of drkN SH3-PDZbm to HtrA2. The best-fit values and the estimated errors of
the rate constants of each transition and the associated equilibrium populations of the F (blue background), U (yellow background), and B (pink background)
states are shown (see drkN SH3-PDZbm Binds to HtrA2 via a Conformational Selection Mechanism for details). The flux directions corresponding to induced fit
(blue) and conformational selection (orange) are shown. (G) Flux values from U to B (Left), F to U to B (Center), and F to B (Right). Errors were calculated from
the SD of parameter distributions obtained from Monte Carlo error analyses of the ZZ-exchange profiles. Eq., equivalent.
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than that of the monomer (13.3 kDa) (Fig. 3C). We then per-
formed proteolysis assays using the monomeric and trimeric
drkN SH3-PDZbm substrates by incubating the same mono-
meric concentrations of client with a fixed amount of HtrA2.
The cleavage rate of trimeric drkN SH3-PDZbm was ~4.6-
fold faster than for the drkN SH3-PDZbm monomer (Fig. 3 D
and £), consistent with a stimulation of HtrA2 proteolytic
activity through binding avidity mediated by the tripartite
substrate—enzyme interaction.

drkN SH3-PDZbm Is Unfolded When Bound to HtrA2 via Both
Prongs. To further explore the binding mechanism of drkN
SH3-PDZbm to HtrA2, we sought to characterize the structural
dynamics of the substrate in the HtrA2-bound state. To this
end, we prepared a U-"H, ILVM-'">CH; drkN SH3-PDZbm
[only one of the pair of isopropyl methyls of Leu and Val was
CHj-labeled (52, 53)] and recorded >C-"H HMQC spectra
with and without U-’H, S306A/1441V HtrA2. As drkN SH3-

https://doi.org/10.1073/pnas.2203172119

PDZbm is a metastable protein, we observed two separate sets of
signals in the absence of HtrA2, one for each of the folded (F)
and unfolded (U) conformations. The relative populations of
these two states were estimated to be ~35% and ~65%, respec-
tively, at 40 °C. In the presence of HtrA2, we observed a new
set of signals whose chemical shifts were similar, but distinct,
particularly in the 'H dimension, from the unfolded state, which
we refer to as the HtrA2-bound (B) state in what follows (Fig.
4A). The binding of drkN SH3-PDZbm could also be directly
monitored from the methyl signals of V65, a residue at the C
terminus of the PDZ-binding motif of dtkN SH3-PDZbm, that
showed large chemical-shift changes in the presence of HtrA2,
presumably reflecting the direct association of substrate with
enzyme. Although most of the B- and U-state signals were
severely overlapped, assignments could be established through
BCl]-t-"H[ 5] ZZ-exchange experiments (59), with the
methyl chemical shifts of the B state unambiguously read out in
many cases from exchange cross-peaks connecting B signals with
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the well-resolved F-state signals (S Appendix, Fig. S5 A and B).
The obtained B-state chemical shifts are consistent with random
coil values (60), so that the B-state structure of drkINN SH3-
PDZbm (two binding prongs are engaged) is largely unfolded
(SI Appendix, Fig. S50).

Our titration results (Stepwise Binding of drkN SH3-PDZbm
Induces the Formation of the Catalytically Active Conformation of
HirA2) suggested a two-pronged client—enzyme interaction, with
contacts involving protease domains formed less frequently than
those associated with PDZ moieties. We therefore wondered
whether an intermediate PDZ-tethered, protease-domain
unbound complex (i.e., only one prong formed) could be
observed directly, providing support for our binding model. To
test for this state, we recorded a pair of experiments that are sen-
sitive reporters of methyl-group dynamics and focused on the
F-state signals of drkN SH3-PDZbm (61, 62), with and without
one equivalent of HtrA2 (Fig. 4 B and Cand S/ Appendix, Fig.
S6). The experiments included 1) measurement of apparent
transverse relaxation rates of methyl '>C nuclei, with potential
exchange contributions suppressed by applying a train of closely
spaced chemical-shift refocusing pulses (2-kHz Carr—Purcell-
Meiboom—Gill experiment) (61, 63); and 2) quantifying S icTe
values, where $°,; and T, are the order parameter squared of the
methyl threefold axis and the effective rotational correlation time
of the methyl, respectively (62). Notably, the apparent '°C trans-
verse relaxation rates at 40 °C (Fig. 4B) and 8% icTe values at
10°C (Fig. 40) were larger in the presence of HtrA2, indicating
that the overall tumbling of the F state of drkN SH3-PDZbm
was significantly reduced with added enzyme. This reduction
was similarly observed at low temperature (10 °C; SI Appendix,
Fig. S6A), where the exchange between each conformer is
expected to be slow, so that the increased relaxation rates do not
arise from rapid relaxation in the B state coupled with chemical
exchange (i.e., B to F). Also, the effect is not due to increased
viscosity associated with the addition of HtrA2, as the dynamics
of drkN SH3 did not change when the native drkN SH3
domain without the PDZ-binding motif, which does not form a
stable complex, was mixed with HtrA2 (87 Appendix, Fig. S6 B
and O). These results paint a picture of a binding intermediate,
whereby the folded conformation of drkN SH3-PDZbm binds
to HerA2 through its PDZ domain (tethered), but does not
unfold, so that one of the two prongs of the binding interaction
is formed. In this model, drkN SH3-PDZbm exchanges between
F, U, and B structural ensembles, where F and U are not solely
unbound states, but also include contributions from C-terminal—
tethered conformers that are bound to PDZ domains. Thus, there
is a distinction in terms of the SH3 domain client structure
between a bound (and unfolded) conformation, where the core of
drkIN SH3 interacts with the HurA2 protease domain, and a teth-
ered state, in which only PDZ contacts are made.

drkN SH3-PDZbm Binds to HtrA2 via a Conformational Selec-
tion Mechanism. Although the B state of drkN SH3-PDZbm
is unfolded, it remains an open question as to whether HtrA2
binds first to the F state of drkN SH3-PDZbm to unfold the
structure or preferentially to an already-existing U state. In the
context of ligand—protein interactions, these two limiting cases
are referred to as induced fit (IF) and conformational selection
(CS), respectively (64, 65). Discrimination between these two
possibilities requires measurement of fluxes between states, as
described (41, 66). With this in mind, the interconversion
between the F, U, and B states of drkN SH3-PDZbm, which
occurs in the slow-exchange regime on the NMR chemical-shift
timescale, was quantified by using ZZ-exchange experiments.

PNAS 2022 Vol.119 No.17 2203172119

In order to minimize signal overlap, we made use of residue-
specific '’C-methanethiosulfonate (MMTS) labeling of an
engineered Cys side chain in drkN SH3-PDZbm (67). As
drkN SH3-PDZbm does not have intrinsic Cys residues,
Met30 was mutated to Cys, followed by labeling with '*C-
MMTS to form an S-methylthiocysteine (MTC) group that
serves as a site-specific NMR probe (Fig. 4 D, Top). The advan-
tage of using a single MTC probe is that cross-peaks fall in an
“empty” region of the '>C-"H spectrum, so that overlap with
signals from other residues is not an issue. Three distinct peaks
from the MTC group, corresponding to F, U, and B states of
U-"H, ILV-"’CHj, and M30C '"C-MMTS-labeled drkN
SH3-PDZbm, were observed in the presence of 0.5 equivalent
of U-"H S306A/1441V HitrA2, which could be used to probe
the thermodynamics and kinetics of the interconversion
between these three states (Fig. 4D).

The 'C-edited ZZ-exchange (‘H[#])-tmi-"HI5]) experi-
ments (68) were recorded as a function of mixing time (Fig. 4
D and E). In the spectrum recorded with #,;, = 50 ms, the
exchange cross-peaks between the F and B states were much
weaker than those between U and B, unequivocally demon-
strating that the U state of drkN SH3-PDZbm predominantly
interacts with HtrA2 to form the B state. The ZZ-exchange
profiles were fit to a triangular kinetic scheme in which F, U,
and B states interconvert with each other (Fig. 4E). The
obtained six rate constants, as well as the populations of each
state, are indicated in Fig. 4F, where the F and U states are
depicted to include both unbound and C-terminally tethered
states, as described in drkN SH3-PDZbm Is Unfolded when
Bound to HtrA2 via Both Prongs. In order to determine which
of the IF and CS pathways is dominant, it is important to
compare the fluxes between the two pathways (41, 66). With
this in mind, fluxes were calculated (Ffp_p = kpppr[drkN
SH3-PDZbm] for the IF pathway and Fy_p= kyppuldrkN
SH3-PDZbm] for the CS pathway, where pr and py are the
equilibrium populations of the F and U states) with /;_p
~17-fold larger than Fz_p5. We also calculated the flux for the
three-state pathway {F_y_p = (F_u ' + Fu_p )
where By = Apupr[dtkN SH3-PDZbm]}, which was also
larger than Fz_p (Fig. 4G). These results establish a dominant
CS pathway for the binding of drkN SH3-PDZbm to HtrA2.

The Hydrophobic Region of drkN SH3-PDZbm Interacts with
the Catalytic Center of HtrA2. Our studies of the drkN SH3-
PDZbm/HtrA2 binding mechanism (Fig. 2D) and the struc-
tural dynamics of the enzyme—substrate complex (Fig. 4) made
use of side-chain methyl probes, as the size of the complex pro-
hibited recording high-quality backbone amide data. However,
by working with drkN SH3 without the C-terminal PDZ-
binding motif, which has a much lower affinity for HtrA2 than
drkN SH3-PDZbm, and exploiting its rapid on/off binding
kinetics, it is possible to “read out” structural properties of the
SH3 bound state in high-quality spectra of the free form of the
molecule and to identify interaction sites by inspecting residue-
specific differential broadening or intensity reductions that
inform on the transient binding to HurA2 (69). Fig. 54 illus-
trates schematically the exchanging system that was used, in
which the OI HtrA2 state was created through the addition of
saturating amounts of PDZ-peptide.

Amide °N-"H spectra of drkN SH3 were recorded in the
presence and absence of PDZ-peptide-bound HtrA2 (10 °C to
minimize hydrogen exchange) (70). Although separate bound-
state signals were not observed, owing to the fast—intermediate
exchange regime, individual correlations for residues in the
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Fig. 5. Mapping of HtrA2 interaction sites on drkN SH3. (A) Schematic cartoon describing the nontethered interaction between drkN SH3 without the
C-terminal PDZ-binding motif and the open, inactive state of HtrA2 bound to PDZ-peptide. (B, Left) The "°N-"H planes from 3D HNCO spectra of U-'°N,'3C
drkN SH3 with (pink) or without (navy) unlabeled S306A/1441V HtrA2 bound to PDZ-peptide. F and U denote the folded and unfolded states of drkN SH3. (B,
Right Top and Middle) Plots of signal height ratios of drkN SH3 correlations in the presence of 0.2 (triangle, purple) or 0.33 (pink circle) equivalents of HtrA2.
The signal heights were normalized against those in the absence of HtrA2. The secondary structure elements in the folded state are shown above the plots.
The average — SD values are indicated as dotted horizontal lines (average over all residues, both from F and U states). Residues with ratios below the aver-
age — SD are shown as filled symbols. (B, Right Bottom). Plot of hydrophobicity calculated based on the Kyte-Doolittle scale using an averaging window size
of 7 (71). (C, Left Upper) Schematic representation of the TCS experiment. (C, Left Lower) The '>N-"H planes from 3D TROSY-HNCO spectra of U-H,'*N,"3C
drkN SH3 with (orange) or without (navy) H radio-frequency (R.F.) irradiation of S306A/1441V HtrA2 bound to PDZ-peptide. A ratio of drkN SH3:HtrA2/PDZ-
peptide of 2:1 (monomer) was used. (C, Right) Plots of the cross-saturation effects for the folded and unfolded states of drkN SH3. The average — SD values
are indicated by orange horizontal lines. Residues with a ratio below average — SD are colored orange. (D, Left Upper) A close-up view of the structure of the
catalytic center of HtrA2 (PDB ID code 1LCY). The catalytic residues (residues 198, 228, and 306) are shown as yellow sticks, and the beta carbon of V226
where the TEMPO-modification was introduced is shown as an orange sphere. (D, Left Lower) The ">N-"H planes from 3D HNCO spectra of U-"°N,"3C drkN
SH3 with a diamagnetic (navy) or paramagnetic (orange) label on HtrA2 (drkN SH3:HtrA2 monomer concentrations in a ratio of 2:1). (D, Right) Plots of PRE
rates of the folded and unfolded states of drkN SH3. Average + SD values are indicated as orange horizontal lines. Residues with PRE rates larger than aver-
age + SD are colored orange. All of the measurements were performed at 10°C and 14.0 Tesla. Asterisks indicate the Pro residue (P49) or residues that

were not analyzed due to signal overlap or broadening. Eq., equivalent.

drkN SH3 F and U states, which interconvert slowly, were
present. This hampers the residue-specific analysis of two-
dimensional spectra due to cross-peak overlap. We, therefore,
recorded 3D HNCO spectra of U-">C,"°N, drkN SH3, to
which varying amounts (0, 0.2, or 0.33 equivalents) of unla-
beled S306A/1441V HurA2 in complex with PDZ-peptide was
added. Fig. 5 B, Left shows site-specific intensity reductions in
many of the signals relative to the isolated SH3 domain, and,
notably, these reductions were more prominently observed in
the U state (Fig. 5 B, Lefd), consistent with the preferential
binding of HtrA2 to the U state as discussed in drkN SH3-
PDZbm Binds to HtrA2 via a Conformational Selection Mecha-
nism. Significant intensity reductions in the U state were
observed primarily in the B4—B5 region, and to correlations
from residues in P6—P7 to a lesser extent, where we annotate
the U state according to secondary structure formed in the
folded conformation (Fig. 5 B, Right Top and Middle). Not
surprisingly, one of these regions includes the cleavage sites
(residues 127-128, L28-N29, and M30-E31 of strand p4),
identified in our LC-MS analysis, so that the interactions
observed in the HNCO spectra very likely correspond to those

https://doi.org/10.1073/pnas.2203172119

involving the protease domain that are required for proteolysis.
The cleaved region is predicted to lie in a hydrophobic stretch
based on the Kyte—Doolittle scale (71), suggesting that HerA2
may recognize hydrophobic regions of unfolded substrates for
cleavage (Fig. 5 B, Right Botrom).

To further validate that the intensity reductions in spectra of
drkN SH3 reflect direct binding to HtrA2, we carried out a
transferred cross-saturation (TCS) experiment (72-74). In the
TCS experiment, the intensities of amide correlations from a
uniformly deuterated drkN SH3 sample are quantified in data-
sets where the aliphatic protons of HtrA2 are either saturated
by an applied radio-frequency field or unperturbed. As satura-
tion transfer from HtrA2 to drkN SH3 occurs efficiently for
amide protons on drkN SH3 that are proximal to the binding
interface, a binding site can be ascertained by monitoring site-
specific intensity reductions of the drkN SH3 amide signals in
the unbound state (Fl% 5 G Left Upper). The 3D TROSY-
HNCO spectra of U-"H,"C,"’N drkN SH3 were acquired
with and without saturation of unlabeled S306A/1441V HirA2
(drkN SH3:HtrA2 = 2:1, monomer to monomer; Fig. 5 C,
Left Lower). Significant TCS effects were observed in p4-—f5
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and P6-P7 in the unfolded state (Fig. 5 C, Right), consistent
with the regions identified from intensity reductions (Fig. 5B)
and providing further evidence that these are the interaction
sites on drkN SH3. We repeated the experiment on a sample
containing only drkN SH3 and confirmed that the observed
intensity reductions are not from intramolecular spin diffusion
caused by direct irradiation of residual protons of the
U-*H,"’C,"°N drkN SH3 sample (SI Appendix, Fig. S7).

As a final validation of the interaction site on drkN SH3, we
measured intermolecular paramagnetic relaxation enhancements
(PRE) (75), with a spin label attached to HerA2 V226C that is
located close to the catalytic center residue (D228) (Fig. 5 D,
Left Upper). Intermolecular PREs were quantified from increases
in 'H linewidths in HNCO spectra of U-¥C,"N drkN SH3, to
which V226C 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)-
labeled S306A/1441V HrtrA2 was added (drkN SH3:HtrA2 =
2:1, monomer to monomer; Fig. 5 D, Left Lower and Right).
Significant PREs were again observed in p4—p5 and 7 of drkN
SH3 in the unfolded state. Taken together, our data demonstrate
that the hydrophobic stretch of residues, mainly comprising
B4-P5, as well as P67, are the interaction sites on drkN SH3
and that the catalytic centers of the HtrA2 protease domains are

involved in drkN SH3 binding (second prong).

Discussion

HtrA2 is a key stress-protective protease that cleaves misfolded
proteins in an ATP-independent manner, with aberrant func-
tions of the enzyme closely linked to pathogenic neurological
conditions. Most biochemical and structural studies have
involved short peptide fragments, such as 1) PDZ-peptides that
bind to the PDZ domains of HtrA2 to form an open, albeit
inactive, structure; or 2) substrate mimics that bind to the
active sites of HtrA2 when PDZ-peptides have first been added.
These studies have elucidated important roles of oligomeric
assembly and interprotomer allostery (19, 30-32), but are lim-
iting because HtrA2 substrates are proteins, not short peptides,
and many are capable of forming folded structures. Physiologi-
cal substrates, thus, include PDZ-binding regions, localized to
their C termini (5, 30), as well as an additional segment that is
bound and cleaved by the protease domains of the enzyme.
Understanding the structural dynamics of binding when there
are two prongs in the same molecule, as well as the binding
mechanism in this case, is therefore of considerable interest.

In this study, we used the metastable protein substrate drkIN
SH3-PDZbm and studied its interaction with HtrA2 by using
a combination of solution-based NMR methods and proteo-
lytic activity assays. We show that a similar activation scheme is
in play for the SH3 domain as that proposed on the basis of
our previous NMR studies involving PDZ-peptides and sub-
strate peptides (31, 32). The two-pronged drkN SH3-PDZbm/
HirA2 interaction, occurring via conformational selection (Fig.
4), involves three distinct conformational states of HtrA2. The
C-terminal PDZ-binding motifs of drkN SH3-PDZbm clients
successively bind to the PDZ domains of HtrA2 trimers to
induce the structural transition from state C to state Ol, fol-
lowed by the binding of a hydrophobic segment of drkN SH3
containing the sites of hydrolysis to the catalytic center of the
enzyme, leading to the OI to OA transition and catalytic activ-
ity (Fig. 2). Notably, the second prong of the interaction,
involving the hydrophobic region of drkN SH3, is weak. Prote-
olysis therefore likely only occurs when substrates are tethered
to the enzyme via PDZ domains and their local concentration

is high, so that all PDZ-binding sites are occupied. In this

PNAS 2022 Vol.119 No.17 2203172119

context, it may well be that anchoring of substrates close to the
enzyme’s protease domains allows the active sites to rapidly
“search” for cleavable sequences within the tethered substrate.
This is consistent with the results of the proteolytic assay of
Fig. 1, where HtrA2 efficiently cleaved drkN SH3 only when
the PDZ-binding motif was attached to its C terminus. The
requirement for linking the two interacting sites on the same
substrate molecule is similarly observed for the bacterial HerA
protease DegP (76), suggesting that the mechanism proposed
here may be applicable to the whole HtrA family.

Our study highlights the importance of carrying out experi-
ments on each component of a complex, muldistep binding
reaction to build a reliable model of association (Fig. 2D). For
example, in the drkN SH3-PDZbm-HtrA2 titration, only
HtrA2 was NMR-active (Fig. 2), providing information about
the evolution of the HtrA2 conformational states, from C to
OI to OA as a function of added substrate. No insight into the
status of the substrate—for example, at what stage it goes from
tethered (single-prong interaction involving only the PDZ
domain) to bound (double-prong association with PDZ and
protease domains)—could be obtained. Our previous studies,
involving the use of separate peptides as activators and sub-
strates, allows separation of the individual enzyme conforma-
tions (C, OI, and OA) since the OA state can only form when
substrate is added (after addition of PDZ-peptide), indicating
that hydrolysis does not occur undil all PDZ domains on the
enzyme are saturated (31, 32). However, it is unclear whether
binding of a single drkN SH3 domain to the protease domain
(second prong) is sufficient for triggering formation of OA or
whether additional substrates must be bound in a similar way
to HtrA2 prior to activation. Correspondingly, our relaxation
studies focusing on drkN SH3 in the presence of NMR invisi-
ble HtrA2 allow the separation of unfolded, folded, and bound
substrate conformations (Fig. 4), showing that an intermediate
exists in which substrates are tethered to PDZ domains, but
not interacting with protease domains, but they do not inform
on the conformational status of HtrA2. However, by combin-
ing results from these two sets of experiments, it is possible to
generate a more nuanced model of substrate binding, as we
show in Fig. 2D. In particular, it becomes possible to estimate
the number of protease domain—substrate interactions that are
formed when the enzyme is saturated with substrate (i.e.,
HtrA2 in the P3L5, P%1L5, and P* Ly states). Consider mono-
mer concentrations of 150 pM for drkN SH3-PDZbm and 75
MM for HtrA2, as used in the experiments of Fig. 4 D and E.
The molar concentrations of each species depicted in Fig. 2D
can be calculated from the parameters extracted from the drkN
SH3-PDZbm-HtrA2 titration, along with the concentration of
free drkN SH3-PDZbm, to give: [P5] ~ 0 uM, [PL] = 0.2
UM, [PsL,] = 2.0 pM, [P5L5] = 13.6 pM, [P*%Ls] = 3.9 uM,
[P%L4] = 5.4 pM, and [I] = 72.1 pM. Assuming that only
one molecule of drkN SH3-PDZbm interacts with the protease
domain of HtrA2 in each of the P*315 and P*3L; states to give
rise to the B-state signal of Fig. 4D (i.e., only a single protease
subunit must be occupied to form OA), the fractional popula-
tion of the B state is expected to be ([P*%Ls] + [P5L4])/ Lt =
0.062 (Lt = 150 pM, the total concentration of drkN SH3-
PDZbm), which is much smaller than the experimentally
observed fractional population of the B state derived from mag-
netization exchange (pg = 0.324; Fig. 4F). When three mole-
cules of drkN SH3-PDZbm are required to interact with the
protease domain to form P*3L; and P*3L; (i.e., the active
state), the fractional population of the B state is (3[P%Ls] +
3[P%L4])/ Lt = 0.184, more similar to the experimental value
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Fig. 6. Proposed mechanism for the clearance of toxic aggregates by
HtrA2. HtrA2 binds to the clustered C termini of aggregated proteins via a
tripartite interaction formed through its three PDZ domains. Hydrophobic
regions of unfolded proteins forming the aggregate are recognized by the
exposed catalytic center of HtrA2, leading to degradation. In our model
(Fig. 2D), the active HtrA2 state is only formed when all three catalytic sites
are occupied by substrates.

(Fig. 4F). Interestingly, if it is further assumed that either one
or two of the active sites are occupied already in P;Ls, in addi-
tion to full occupancy in the 375 and P*3L4 states, the frac-
tional population of the B state is calculated to be ([P3Ls] +
3[ *3[,3] + 3[ *3L4])/LT = 0.275 or (2[P3L3] + 3[ *3L3] +
3[P*L4])/ Lt = 0.366, closer still to the observed fractional
population of the B state (Fig. 4F). This combined analysis sug-
gests that all three protease domains within the HtrA2 trimer
are occupied by drkN SH3-PDZbm in the OA state, so that
the formation of the catalytically active OA state is a highly
cooperative process that occurs only after all of the catalytic
sites within a trimer are engaged. The picture that emerges is
consistent with our previous HerA2 protomer mixing experi-
ments showing that formation of the OA state involves a con-
certed structural transition of all three protease domains (32),
regulating enzyme activity so that cleavage of substrates only
occurs when their local concentrations are sufficiently high, so
as to saturate the binding sites on HtrA2.

One of the hallmark features of HtrA2 as a stress-protective
protease is its ability to cleave aggregated proteins (11, 28, 29).
Our binding model provides insight into how this might occur
and how HtrA2 would distinguish protein aggregates that must
be cleared from isolated proteins that are required for cellular
function. HerA2 is predicted to become catalytically active when
all of its PDZ domains are occupied by C termini of substrates
(Fig. 2D). Thus, clustering of client C termini in an aggregated
state would facilitate association with HtrA2 via a tripartite inter-
action, easily forming the fully substrate-bound state required
for catalytic activity. Monomeric or nonaggregated proteins, on
the other hand, would be less efficiently cleaved unless at high
concentrations, since the likelihood of forming the OA HtrA2
conformation would be reduced (Fig. 6). The significantly
increased hydrolysis rates of trimeric drkN SH3-PDZbm relative
to monomeric drkN SH3-PDZbm (Fig. 3) supports this notion.
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Materials and Methods
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