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Abstract

Human HtrA2 is part of the HtrA family of ATP-independent serine proteases that are conserved 

in both prokaryotes and eukaryotes and localizes to the intermembrane space of the mitochondria. 

Several recent reports have suggested that HtrA2 is important for maintaining proper 

mitochondrial homeostasis and may play a role in Alzheimer’s disease (AD), which is 

characterized by the presence of aggregates of the amyloid βpeptide (1–42) (Aβ (1–42)). In this 

study, we analyzed the ability of HtrA2 to delay the aggregation of the model substrate citrate 

synthase (CS) and of the toxic Aβ (1–42) peptide. We found that HtrA2 had a moderate ability to 

delay the aggregation of CS in vitro and this activity was significantly enhanced when the PDZ 

domain was removed suggesting an inhibitory role for this domain on the activity. Additionally, 

using electron microscopy and nuclear magnetic resonance analyses, we observed that HtrA2 

significantly delayed the aggregation of the Aβ (1–42) peptide. Interestingly, the protease activity 

of HtrA2 and its PDZ domain were not essential for delaying of Aβ (1–42) peptide aggregation. 

These results indicate that besides its protease activity, HtrA2 also performs a chaperone function 

and suggest a role for HtrA2 in the metabolism of intra- cellular Aβ and in AD.
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INTRODUCTION

A characteristic of Alzheimer’s disease (AD) is the accumulation of extracellular amyloid 

plaques in the brain. These plaques mainly consist of aggregates of the amyloid β-peptide 

(Aβ), which derives from the proteolytic processing of the amyloid precursor protein (APP) 

(Fig. 1A) during transport from the endoplasmic reticulum (ER) and Golgi to the plasma 

membrane. In this process, the β- and γ-secretases sequentially cleave the protein at the N 

and C termini of the Aβ domain leading to the formation of two major Aβ forms, namely 
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Aβ (1–40) and Aβ (1–42) [1] (Fig. 1A). AD is associated with an increased production and 

secretion of the Aβ (1–42) to the extracellular space [2].

In the last few years, a growing number of reports indicate that there is also accumulation of 

Aβ peptide within neurons and mitochondria from AD brains [3–5]. In addition, neurons 

with AD pathogenesis contain and abundance of mitochondrially targeted APP that disrupt 

the mitochondrial basic functions [6–8] and impair energy metabolism [9]. In these cells, 

APP is found as a transmembrane-arrested form [10, 11]. Base on these findings, it has been 

suggested that intracellular Aβ peptide accumulation and mitochondrial dysfunction play a 

central role in the pathogenesis of AD [12]. Consequently, turnover and degradation of APP 

and the Aβ peptide in the mitochondrial compartment and inside the cell appear to be 

important for neuronal survival. In the last few years several studies reported some 

mitochondrial residing proteases that are involved in this process, including presequence 

peptidase [13] and the serine protease HtrA2.

HtrA2 is expressed as a 49 kDa proenzyme that is targeted to the intermembrane space of 

the mitochondria [14, 15] where it undergoes proteolytic maturation and its 133 N-terminal 

residues are cleaved off. HtrA2 contains also an N-terminal trypsin-like protease domain and 

a C-terminal PDZ domain (Fig. 1B). It is well established that upon apoptosis induction by 

cellular stresses, the mature HtrA2 is released into the cytoplasm and promotes cell death 

[14–16]. Most importantly HtrA2 is essential to maintain mitochondrial function, as it was 

found that mice lacking HtrA2 activity suffer from a neurodegenerative disease due to 

progressive mitochondrial damage [17, 18]. Several studies have described mechanisms 

through which HtrA2 regulates the physiology of mitochondrial APP. For instance, HtrA2 

cleaves mitochondrial APP at amino acid 535 (Fig. 1A) and generates a C-terminal Aβ 
containing fragment composed of 161 residues (C161) that is apparently released to the 

cytoplasm [19]. HtrA2 also binds the Aβ peptide [20] and both the protease and PDZ 

domain seem to be necessary for binding to the Aβ peptide [21]. In spite of these findings, 

we still lack the complete picture of how HtrA2 protein promotes the clearance of the 

amyloidogenic protein and potentially of the Aβ peptide in the mitochondria.

Based on the structural similarities of HtrA2 with its bacterial homolog DegP, it is tempting 

to speculate that besides its proteolytic activity, HtrA2 may also have a chaperone role in the 

intermembrane space in the mitochondria assisting in protein folding or preventing the 

aggregation of amyloidogenic peptides such as the Aβ peptide. Consistent with this 

hypothesis is the observation that HtrA2 protein levels were upregulated upon the unfolding 

response was triggered by tunicamycin or heat shock [22].

To this end, we decided to investigate whether HtrA2 possesses a chaperone function. Our 

study shows that HtrA2 had a mild ability to prevent aggregation of the model substrate 

citrate synthase (CS) in vitro but this activity was dramatically enhanced following removal 

of the PDZ domain. More significantly, we observed by electron microscopy (EM) and 

nuclear magnetic resonance (NMR) that HtrA2 delays the incorporation of the pathogenic 

Aβ42 peptide into amyloid fibers in vitro and this self- assembly inhibitory function of 

HtrA2 was not dependent of its proteolytic activity. These results suggest that besides its 

protease activity, HtrA2 can also function as a chaperone.
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MATERIAL AND METHODS

Plasmids and mutagenesis

Polymerase Chain Reaction (PCR) was used to amplify the human HtrA2 gene lacking the 

sequence coding for its 133 N-terminal residues that define the mitochondrial targeting 

sequence. The template used for the PCR reaction was the HtrA2 Omi pEGFP-N1 plasmid 

kindly provided by Dr. Antonis S. Zervos (University of Central Florida). The HtrA2 Δ133 

was subcloned into the expression vector pET21b (Stratagene) using the Nde I-Xho I sites to 

produce the pET21b-HtrA2 plasmid expressing wild type HtrA2. The proteolytically 

inactive HtrA2 S306A mutant was constructed by the QuikChange site- directed 

mutagenesis method (Stratagene). The HtrA2 ΔPDZ S306A mutant was generated as an Nde 
I-Xho I insert by PCR amplification from the pET21b-HtrA2 S306A plasmid and it was 

subcloned into the pET21b vector to produce the pET21b-HtrA2 ΔPDZ S306A plasmid that 

expressed the HtrA2 protease domain (residues 133–342). Finally, the pET21b-DegP S210A 

plasmid used as a control in the experiments was constructed as previously described [23].

Protein expression and purification

The wild type HtrA2 and the HtrA2 mutants (HtrA2 S306A and HtrA2 ΔPDZ S306A) were 

expressed upon transformation of the corresponding expression vectors into E. coli BL21 

(DE3) competent cells. The cells were grown in LB medium at 37 °C to and OD600 = 0.7 

and expression was induced with 1 mM Isopropyl β-D-1- thiogalactopyranoside (IPTG). 

Then cells were incubated overnight at 12 °C (HtrA2) or for five hours at 30 °C (HtrA2 

S306A) or three hours at 37 °C (HtrA2 ΔPDZ S306A).

Cell lysis was performed in 20 mL lysis buffer (50 mM HEPES, pH 7.3, 10 % (w/v) 

Sucrose, 0.1 M NaCl, 0.149 M ammonium sulfate) by adding 256 μL of lysozyme stock (50 

mg/mL) and incubating for 3 min at 37 °C, followed by sonication on ice. Lysate was 

cleared by centrifugation at 39,000 × g for 40 minutes. Then NaCl was added to bring the 

concentration to 0.5 M, and the lysate was filtered with a 0.45 μm filter and added to a 

HiTrap Metal Chelating column (GE Healthcare Life Sciences) equilibrated with 50 mM 

HEPES, pH 7.3, 0.5 M NaCl, 5% (v/v) glycerol. Nonspecifically bound proteins were 

washed with increasing concentrations of imidazole up to 120 mM. HtrA2 and its mutants 

were eluted with 240 mM imidazole. Purity of the fractions was monitored by SDS-PAGE. 

Fractions containing pure protein were dialyzed against 50 mM HEPES, pH 7.3, 150 mM 

NaCl and stored at 4 °C. The proteins used in NMR experiments were further dialyzed 

against 20 mM potassium phosphate buffer with 10% D2O and 0.02% NaN3 at pH 7.4.

Protease activity assays

Proteolytic reactions where β-casein was used as a substrate were performed as previously 

described [23]. Citrate synthase (CS) hydrolysis reactions were assembled in 120 μL of 

buffer (50 mM HEPES, pH 7.3, 150 mM NaCl) and contained 20 μg of porcine heart (CS) 

(Sigma) and 180 μg of HtrA2. This reaction was incubated at 43 °C and at the indicated 

times 10 μL aliquots were taken, mixed with 2X concentrated SDS- PAGE loading buffer 

and resolved by SDS-PAGE. Gels were stained according to manufacturer’s protocols by 

Coomassie Brilliant Blue (GE Healthcare Life Sciences).
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When the Aβ (1–42) peptide was used as a substrate, the reaction mixture contained 283 μg 

of HtrA2 and 54.2 μg of the Aβ (1–42) peptide in 100 μL of NMR buffer (20 mM potassium 

phosphate buffer with 10% D2O and 0.02 % NaN3 pH 7.4). These amounts correspond 

approximately to a molar ratio of 4:1 (Aβ (1–42): HtrA2 trimer). The 5 μL samples taken at 

the indicated time points were resolved on a tris- tricine SDS-PAGE (14.5 %) and stained 

with Coomassie brilliant blue.

CS aggregation assay

To perform the CS aggregation assays 4.4 μg of CS were incubated at 43 °C with 38 μg of 

HtrA2 or HtrA2 S306A in 600 μL of 40 mM HEPES, pH 7.3. These amounts correspond 

approximately to a molar ratio of 1:4 (CS monomer: HtrA2 trimer) similar to the CS 

proteolytic assay. In the control reactions HtrA2 was replaced with 5.2 μg of lysozyme or 

104 μg of E. coli DegP. In the reactions where the HtrA2 ΔPDZ S306A mutant was used 14 

μg or 3.1 μg of the protein were added to obtain a final concentration of the mutant of 0.3 

μM and 75 nM respectively.

Light scattering was measured at 43 °C in a fluorescence spectrophotometer (Varian, Cary 

Eclipse) with excitation and emission wavelengths set to 500 nm and a slit width of 5 nm in 

a quartz cuvette. Aggregation was monitored for a total of 20 minutes for all reaction 

conditions.

Aβ (1–42) peptide sample preparation and fibril formation

The Aβ (1–42) peptide was purchased from EZBiolab Inc. (Westfield, IN. USA) with a 

purity greater than 95 %. Samples of soluble Aβ (1–42) were prepared by first dissolving 1 

mg of the Aβ (1–42) peptide in 500 μL of 10 mM NaOH. The Aβ (1–42) solutions were 

then sonicated twice in 1 min pulses and placed on ice a for two minute interval between 

pulses. Immediately after sonication, 246 μg of the Aβ (1–42) peptide were incubated with 

1.26 mg of HtrA2 or HtrA2 S306A in NMR buffer. The total volume of the solution was 600 

μL. These amounts correspond approximately to a molar Aβ (1–42): HtrA2 trimer ratio of 

4:1. For the control reactions 804 μg of human serum albumin (HSA) was used in place of 

HtrA2. In the experiments performed with the HtrA2 ΔPDZ S306A mutant the Aβ (1–42) 

peptide was mixed with 936 μg of the mutant protein. All reactions were incubated at 37 °C 

in a water bath and at the indicated times samples were taken and analyzed by EM and NMR 

as described below.

Electron microscopy

Samples for electron microscopy were prepared on freshly glow-discharged continuous 

carbon grids. EM grids were floated on a 5 μL drop of the Aβ (1–42) peptide solution (vide 
supra) for 2 min. Excess sample was blotted and the grids were stained with 2% uranyl 

actetate (Canemco and Marivac) for 1 min. Specimens were imaged at a nominal 

magnification of 10,000× or 25,000× respectively in a JEOL 2010F electron microscope 

operated at 200 kV in low dose mode. EM images were taken on Kodak S0-163 film and 

digitized using the Nikon Super Coolscan 9000 scanner.
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NMR spectroscopy

Acquisition of nuclear magnetic resonance (NMR) data was preformed at 37 °C. The Aβ 
(1–42) fibril formation reaction was monitored through the signal loss observed in 1D NMR 

spectra over time. In these experiments a 30 ms long spin lock pulse at 2.6 kHz was 

incorporated prior to acquisition to suppress the residual protein signal and water was 

suppressed using the Watergate spin-echo [24]. All NMR spectra were acquired at 600 MHz 

using 128 scans and 64 dummy scans and were processed using an exponential 

multiplication window function prior to zero filling. The spectral region spanning the 0.64–

1.07 ppm range was integrated and used as a measure of signal loss due to the aggregation. 

The error of the integrals was evaluated based on the spectral noise using the signal to noise 

ratio routine of the Xwinnmr software (Bruker Biospin Inc,).

RESULTS

HtrA2 delays aggregation of the model substrate CS in vitro

Based on the previous literature suggesting a protective role for HtrA2 in the physiology of 

mitochondria [17–19] and the structural similarities to its bacterial homolog DegP [25, 26], 

we decided to test whether HtrA2 has the ability to prevent aggregation of the model 

substrate CS [27]. This represented an ideal substrate as the aggregation profile and 

refolding of CS had been previously well characterized with a variety of chaperones 

including Escherichia coli DegP [28].

To this end, the HtrA2 protein was purified (Fig. 2A) and its proteolytic activity verified in 
vitro. Consistent with previous reports [29] when we assembled a proteolysis reaction by 

mixing HtrA2 with β-casein, the substrate was mostly degraded after 10 minutes of 

incubation and smaller peptide products started to accumulate (Fig. 2B).

Next, we performed an aggregation assay to test whether HtrA2 has the ability to prevent 

protein aggregation of the model substrate CS in vitro. The assay was performed at 43 °C 

because CS is known to unfold and form aggregates at this temperature and the increase in 

turbidity is used to measure the extent of CS aggregation. Accordingly, upon incubation of 

CS the turbidity augmented, but in the presence of HtrA2, we observed a delay in the CS 

aggregation profile and a slight reduction in its overall aggregation (Fig. 2C). However, the 

degree of prevention was not as pronounced as that seen for E. coli DegP S210A (a 

proteolytic inactive variant of the enzyme) [23, 30], which is a known chaperone [27]. As a 

control, we incubated CS in the presence of lysozyme that, as expected, left the aggregation 

profile basically unchanged (Fig. 2C).

In order to discriminate whether the effect of HtrA2 on the aggregation profile of CS was 

due to its proteolytic activity or similarly to E. coli DegP, HtrA2 was also able to exert a 

chaperone-like function, the ability of HtrA2 to degrade CS was evaluated. HtrA2 was 

incubated at 43 °C with CS at the same molar ratio and under identical buffer conditions to 

the CS aggregation assay. We observed that CS was a weak substrate for HtrA2 and after 30 

min incubation, which is the time frame for the aggregation assay, only very little CS was 

hydrolyzed and even after two hours of incubation a significant amount of full-length CS 

still remained in solution (Fig. 2D). However, in order to verify that not all of the observed 
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protective effect of HtrA2 against CS aggregation was due to its proteolytic activity, we 

expressed and purified (Fig. 2A) the proteolytic inactive variant HtrA2 S306A (in which 

serine 306 in the catalytic triad was changed to alanine) (Fig. 1B). Subsequently, this mutant 

was used in the CS aggregation assay. We found that this mutant also showed a slight delay 

and reduction in the overall aggregation of CS (Fig. 2E), but it was somewhat less than what 

was observed for wild type HtrA2 (Fig. 2C). Therefore, we concluded that HtrA2 slightly 

delays aggregation of the model substrate CS in vitro by a combined protease and 

chaperone-like activity.

The PDZ domain of HtrA2 inhibits its ability to delay CS aggregation

In the X-ray structure for HtrA2 the PDZ domain collapses onto the protease domain, 

inhibiting access of substrate to the catalytic triad and rendering HtrA2 proteolytically 

inactive [26]. A previous study [31] showed that the proteolytic activity of HtrA2 is activated 

by three different mechanisms including increase in temperature, binding of an inhibitor of 

apoptosis proteins (IAP) to an N-terminal reaper like motif (AVPS) (Fig. 1B) exposed 

following mitochondrial processing and binding of exposed C-terminal or internal residues 

of substrate to the PDZ domain. Each one of these factors is then thought to induce a 

conformational change that releases the inhibitory effect of the PDZ domain on the protease 

domain.

Because of the mild delay of both HtrA2 and its proteolytic inactive variant HtrA2 S306A 

on the aggregation profile of CS, we hypothesized that the PDZ domain may be also playing 

an inhibitory role on the chaperone activity of HtrA2, similar to its role on the proteolytic 

activity. To this end, we expressed and purified the HtrA2 ΔPDZ S306A mutant (Fig. 3A) 

that is lacking the PDZ domain and contained the serine 306 mutated to alanine in the 

catalytic triad.

Surprisingly, we found that in the presence of HtrA2 ΔPDZ S306A, the aggregation of CS 

was completely prevented (Fig. 3B). In addition, when a significantly lower concentration of 

HtrA2 ΔPDZ S306A (75 nM) was incubated with CS, still a significant delay and reduction 

in aggregation was also seen. These results suggest that the protease domain of HtrA2 is 

sufficient for the enzyme to exert its chaperone function with CS and that the PDZ domain 

inhibits this activity.

HtrA2 delays Aβ (1–42) peptide aggregation

Because of our initial experiments showing that HtrA2 delays aggregation of the model 

substrate CS in vitro and the increasing evidence suggesting the involvement of HtrA2 in 

AD [19–21], we were tempted to test whether HtrA2 had any effect on the aggregation 

process of the Aβ (1–42) peptide, that represents the most pathogenic aggregation-prone 

form of the Aβ system [11].

To this end the aggregation process of the Aβ (1–42) peptide into fibers was visualized in 
vitro in the absence and presence of HtrA2 by electron microscopy (EM). Initially, a reaction 

mixture containing the Aβ (1–42) peptide was assembled and incubated at 37 °C. Right 

after assembly, we found only small fiber fragments present in the sample, showing the 

initial stages of Aβ polymerization (Fig. 4A, left panel). As expected, following incubation 
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of the sample for four hours, we observed long fibers polymerized as a large tangled 

network (Fig. 4A, right panel). Interestingly, when the same reaction was incubated in the 

presence of HtrA2 only very few and small fibers were observed following four hours 

incubation (Fig. 4B). The significant delay observed in the aggregation process of the Aβ 
(1–42) peptide in the presence of HtrA2 was very much comparable to the one obtained in 

the presence of human serum albumin (HSA) (Fig. 4C). This protein is involved in the 

metabolism of the Aβ peptide in the serum and has been shown previously to bind and delay 

aggregation of the Aβ (12–28) peptide [32].

In addition to the qualitative EM analysis of the samples, 1D-watergate block NMR (1D-

WG NMR) analysis was used to quantitatively monitor the incorporation of the monomeric 

Aβ (1–42) peptide into NMR-invisible oligomers and larger fibers over time. Due to the 

intrinsic size-limitation of solution NMR, 1D NMR spectra have been shown to be an ideal 

tool for tracking the aggregation of the Aβ peptide [32, 33]. In this technique aggregation of 

the Aβ (1–42) peptide was monitored by the decrease of the relative intensity of the signal 

produced by the monomeric Aβ (1–42) peptide as it aggregates into NMR-invisible 

oligomers and high molecular weight fibers. The NMR aggregation profile of the samples 

was monitored for a week, and the results correlated well with the EM experiments. In the 

sample containing the Aβ (1–42) peptide alone, as expected, the NMR signal from Aβ (1–

42) monomers decreased quickly with a drop of approximately 40 % in the first four hours 

of incubation. A further reduction in the signal was seen after four additional hours but never 

went beyond 80 % signal loss (Fig. 5A). Such a large reduction in intensity shows how 

prone the monomeric Aβ (1–42) peptide is to incorporation into oligomers and ultimately 

fibers. In the positive control reaction containing the Aβ (1–42) peptide and HSA only a 

small decrease in the intensity was seen (~20%) (Fig. 5A). Strikingly, in the presence of 

HtrA2 the Aβ (1–42) signal increased over time (Fig. 5A). Such an increase indicates an 

augment in the concentration of monomeric Aβ (1–42) peptide or fragments of it. HtrA2 

could mediate this increase by keeping Aβ (1–42) peptide in a monomeric state inhibiting 

its aggregation and also by breaking apart existing oligomers and/or cleaving the Aβ (1–42) 

peptide.

To test whether HtrA2 degrades the Aβ (1–42) peptide upon an extended incubation time, 

we assembled a reaction mixture containing the protease and the peptide at the exact buffer 

and temperature conditions used in the NMR experiment. Then, the reaction was incubated 

for up to 72 hours. The molecular weight (MW) of the Aβ (1–42) peptide is approximately 

4.5 kDa, and a predominant band consistent with this MW was seen when samples at 

different incubation times were resolved in a tris-tricine SDS-PAGE. In addition, there was a 

smearing pattern of larger MW species, which may represent higher oligomeric forms of the 

peptide that are SDS-insoluble. When HtrA2 was mixed with the Aβ (1–42) peptide we 

observed a slight degradation occurring upon four hours incubation. After an incubation 

time of 72 hours, there was a significantly higher degradation of the peptide (Fig. 5B). Both 

the Aβ (1–42) peptide and HtrA2 alone samples showed little change over the course of the 

three day incubation period, suggesting they were both stable under the conditions of the 

degradation assay (Fig. 5B). Interestingly, HtrA2 also cleaved itself in the reaction 

producing a ‘short-HtrA2” protein form (Fig. 5B). This self-cleaving process has been 
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studied for the bacterial homolog DegP [34] and has also been described previously for 

HtrA2 [22].

These results suggest that HtrA2 cleaves the Aβ (1–42) peptide and therefore, the observed 

delay in the Aβ (1–42) aggregation is certainly mediated, at least in part, by the proteolytic 

activity of HtrA2. However, these data do not rule out that HtrA2 may be also working as a 

chaperone molecule that maintains the Aβ (1–42) peptide in a monomeric state and delays 

its aggregation.

The proteolytic activity of HtrA2 is not essential for delaying the aggregation of the Aβ (1–
42) peptide

Next, we aimed to determine whether HtrA2 is delaying the aggregation process of the Aβ 
(1–42) peptide not only as a result of its proteolytic activity, but also by keeping the peptide 

in a monomeric state. These experiments also attempted to clarify whether or not the 

proteolytic function of HtrA2 is essential for this activity. Consequently, we analyzed the 

aggregation of the Aβ (1–42) peptide in the presence of the proteolytically inactive HtrA2 

variant (HtrA2 S306A) by both EM and NMR.

In the EM experiment, incubation of the Aβ (1–42) peptide in the presence of the HtrA2 

S306A mutant also showed only a reduced amount of fibers similarly to the experiment 

performed with wild type HtrA2 (Fig. 6A). The control reactions performed in parallel in the 

absence of the HtrA2 S306A mutant or in the presence of HSA produced very similar 

images to the ones shown in Fig. 4A & 4C (data not shown).

Consistently, the 1D-WG NMR experiment showed only a slight reduction in intensity 

(~10%) in the presence of HtrA2 S306A, which constitutes a protective effect slightly better 

than seen for HSA (Fig. 6B).

These results indicate that HtrA2 delays the aggregation of the Aβ (1–42) peptide not only 

through its protease activity but also by maintaining the peptide in a monomeric state and 

this effect is independent of the proteolytic activity of HtrA2. All together, the available data 

suggest that HtrA2 prevents Aβ (1–42) peptide fiber formation and aggregation by 

functioning, as a protease and as a chaperone and these two functions are distinct and 

independent.

The PDZ domain in HtrA2 is dispensable for delaying the aggregation of the Aβ (1–42) 
peptide

The PDZ domain in HtrA2 was not required to delay CS aggregation, in fact our data 

showed that this domain exerts an inhibitory role on this activity. Therefore, we questioned 

whether the PDZ domain was required for HtrA2 to delay the aggregation process of the Aβ 
(1–42) peptide. To answer this question, first HtrA2 ΔPDZ S306A was tested for the ability 

to delay the aggregation process of the Aβ (1–42) peptide by EM analysis. The images 

obtained from the sample containing the Aβ (1–42) peptide and HtrA2 ΔPDZ S306A 

showed only small fragments of fibers initially (Fig. 7A, upper panel) and only a small 

increase in the number of aggregates after four hours incubation (Fig. 7A, lower panel).
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The 1D-WG NMR results were again consistent with what was seen through EM analysis. 

When the Aβ (1–42) peptide was in the presence of HtrA2 ΔPDZ S306A, no significant 

reduction in the signal was seen producing a curve almost overlapping with the one obtained 

for the positive control containing HSA. This result indicates that monomeric Aβ (1–42) 

peptides remain in solution in the presence of the HtrA2 ΔPDZ S306A mutant and 

aggregation was very limited. Conversely, we found an approximately 40 % NMR signal 

reduction in the Aβ (1–42) alone sample after four hours of incubation and the NMR signal 

kept decreasing to reach an ~80% reduction.

In conclusion, the data indicates that the PDZ domain is not required to delay the 

aggregation process of the Aβ (1–42) peptide.

DISCUSSION

In this study, HtrA2 showed a mild ability to delay and reduce the aggregation of CS and 

this activity was significantly enhanced when the PDZ domain was removed suggesting an 

inhibitory role of this domain on the activity. When the ability of HtrA2 to delay the 

aggregation of a physiologically relevant substrate such as the Aβ (1–42) peptide was 

analyzed, we found that HtrA2 dramatically delays the aggregation of the Aβ (1–42) peptide 

in vitro and this activity is mediated through a dual proteolytic and chaperone function. 

Ultimately these results suggest a potential role for HtrA2 in the metabolism of 

mitochondrial Aβ.

Our results prompt the question of what is the physiological context in which HtrA2 may be 

exerting its protective role of delaying the aggregation process of the Aβ peptide? The most 

prominent mechanism of Aβ peptide generation in the cell does not provide an opportunity 

for interaction between HtrA2 and the Aβ peptide since most of the Aβ peptide is generated 

during the transit of APP through the ER-Golgi-exit pathway [35] and HtrA2 localizes 

primarily in the intermembrane space of the mitochondria [14, 15]. However, the Aβ peptide 

has been also found in other cellular compartments and numerous studies [22, 36–38] have 

shown that APP can be cleaved by proteases in addition to secretases, explaining how Aβ 
peptide may be generated in other cellular compartments including the mitochondria or the 

cytoplasm. Unfortunately, there are yet many uncharacterized aspects of the genesis and 

trafficking of the intra-mitochondrial and intra-cellular Aβ peptide to be able to reliably 

point out other cellular compartments where HtrA2 may be in contact with Aβ peptides.

Even so, with the available data we can already hypothesize several situations where the 

described protective role of HtrA2 may be physiologically relevant. For instance, HtrA2 

cleaves APP when imported into the mitochondria (Fig. 1A) and generates a C-terminal Aβ 
containing fragment composed of 161 residues (C161) that is released to the cytoplasm [19]. 

C161 may be further cleaved later releasing the Aβ peptide into the cytoplasm and similarly 

to any other Aβ peptide generated outside the mitochondria may be subsequently 

transported into this organelle by a still unknown mechanism. Possibly, HtrA2 could exert its 

chaperone role during the transit of the Aβ peptide through the mitochondrial 

intermembrane space to the matrix.
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In addition, a recent report [39] has shown that a fraction of HtrA2 also associates to the 

cytosolic side of the ER. The authors suggest that early events in the maturation of APP in 

the ER-Gogi-exit pathway can trigger retro-translocation of APP and HtrA2, which in 

collaboration with the proteasome, degrades the protein. Aβ peptides could be generated as 

degradation intermediates in this process and the presence of ER associated HtrA2 may be 

required to prevent amyloid formation.

The HtrA2 ΔPDZ S306A mutant showed a dramatically increased ability to prevent 

aggregation of CS when compared to full length HtrA2 suggesting that the PDZ domain in 

HtrA2 exerts an inhibitory role on its chaperone activity. A similar inhibition of activity 

mediated by the PDZ domain has been described in detail for the proteolytic activity of 

bacterial DegS [40]. Upon folding stress, DegS is allosterically activated by the C-termini of 

partially unfolded outer membrane proteins, which interact with the PDZ domain and induce 

the remodeling of the catalytic domain, leading to protease activation and subsequent 

cleavage of the anti-sigma factor RseA [40]. Also, studies on the proteolytic activity of 

HtrA2 showed that the C-terminal tail of Presenilin 1 (PS1) stimulates the proteolytic 

activity of HtrA2 through direct interaction with its PDZ domain [29]. It is conceivable that 

HtrA2 uses a similar allosteric activation mechanism to perform its chaperone function. 

Binding of an activating molecule to the PDZ domain may displace this domain away 

allowing unfolded proteins to access the exposed hydrophobic regions on the protease 

domain that may be responsible for the chaperone activity [26]. The absence of an allosteric 

activator in the CS aggregation assay would explain the lack of chaperone activity when 

wild type HtrA2 was used. However, the PDZ-containing HtrA2 construct did not require 

the presence of stimulating peptides to delay the aggregation process of the Aβ peptide and 

even showed a slightly better protective activity than the HtrA2 ΔPDZ mutant. This results 

suggest the possibility that the chaperone activity of HtrA2 may be allosterically stimulated 

similarly to the protease activity of the E.coli DegP protein, where the C-terminal tail of the 

substrate molecule binds to the DegP PDZ1 domain and act as an allosteric activator 

enhancing its own degradation [41]. The chaperone activity of HtrA2 may be allosterically 

activated by its substrate in a similar way, at least with respect to the aggregation process of 

the Aβ peptide. Consistently, the PDZ domain of HtrA2 has been mapped as the binding 

determinant for the Aβ peptide [21]. Additional experiments are required to prove whether 

the C-terminal end of the Aβ peptide, has the ability to displace the PDZ domain releasing 

its inhibitory effect and allowing HtrA2 to act on them in the absence of any other stimuli. In 

such experiments, it will not be surprising to observe that the C-terminal end of CS does not 

have the ability to release the inhibitory effect of the PDZ domain as this is probably not a 

physiological substrate for HtrA2.
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Figure 1. Functional domains of APP and HtrA2
A) Schematic representation of non-neuronal APP770 and APP751 and the neuronal 

APP695. These proteins contain an N-terminal dual targeting signal constituted by a 

hydrophobic endoplasmic reticulum signal, followed by a mitochondrial targeting signal. 

The non-neuronal APP form (APP770) contains in addition a Kunitz-type protease inhibitor 

(KPI) and OX-2 domains. The non-neuronal form (APP751) contains only the KPI domain. 

Neurons express a shorter APP form (APP695) that lacks KPI and OX-2 domains but it 

contains all the other major domains including the internal domain (residues 180–290) rich 

in acidic amino acids and the C-terminal Aβ domain. α, β and γ indicate the cleavage sites 

for these secretases. The Aβ peptide generated upon processing of APP by β and γ 
secretases is shown. APP can also undergo non-amyloidogenic processing by α-secretase 

generating the C83 fragment that is subsequently cleaved by γ-secretase producing the p3 

fragment. Arrow labeled as ‘535’ indicates the cleavage site of HtrA2 in APP to generate the 

C161 fragment. B) The functional domains of HtrA2 are indicated in the cartoon. Residue 

133 that is cleaved in the maturation of HtrA2 is indicated. The point mutation performed to 

generate the proteolytic inactive variant of HtrA2 (HtrA2 S306A) is labeled in the cartoon. 

(ER: endoplasmic reticulum, Mt: Mitochondrial, Tri: Trimerization).
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Figure 2. Delay of the CS aggregation process by proteolytically active HtrA2
A) Selected fractions of purified HtrA2 and HtrA2 S306A protein were resolved by SDS- 

PAGE (11%) and stained with Coomassie brilliant blue. B) HtrA2 was incubated with β-

casein in 50 mM HEPES pH 7.3 and 150 mM NaCl for a total of 20 minutes. At selected 

time points samples were removed from the reaction mixture, resolved by SDS-PAGE (11%) 

and stained with Coomassie brilliant blue. C) CS in 40 mM HEPES pH 7.3 was incubated at 

43 °C alone or in the presence of HtrA2, Lysozyme or DegP S210A. The turbidity in 

solution was monitored using a fluorescence spectrophotometer with excitation and emission 

wavelengths set to 500 nm. For all conditions, curves represent the mean of at least three 

independent runs. D) HtrA2 was incubated with CS in 50 mM HEPES pH 7.4, 150 mM 

NaCl at 43 °C. Samples were obtained at selected time points from the reaction mixture, 

resolved by SDS-PAGE (11%) and stained with Coomassie brilliant blue. The gel was 

scanned and the intensity of the CS bands (top panel) were quantified and subtracted from 

the background intensity (bckg, top panel) to obtain the hydrolysis curve (bottom panel). E) 

CS aggregation assay for the HtrA2 S306A mutant performed as in C. (A.U.: Arbitrary 

units. CS: citrate synthase).
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Figure 3. Chaperone activity of HtrA2 ΔPDZ S306A
A) The HtrA2 ΔPDZ S306A mutant was purified and selected fractions were resolved by 

SDS-PAGE (11%) and stained with Coomassie brilliant blue. B) CS aggregation assay 

performed at two different concentrations of the HtrA2 ΔPDZ S306A mutant. The 

concentration of CS was constant in all the conditions tested and the reactions were 

incubated at 43 °C in 40 mM HEPES pH 7.3. The plot shows the change in turbidity of the 

solution with respect to time.
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Figure 4. Visualization by EM of the Aβ (1–42) peptide aggregation process in the presence of 
HtrA2
Reaction mixtures containing Aβ (1–42) alone or in the presence of HtrA2 or HSA were 

incubated at 37 °C. At selected times aliquots of A) Aβ (1–42) alone, B) Aβ (1–42) + 

HtrA2 and C) Aβ (1–42) + HSA were deposited on continuous carbon grids and negatively 

stained. Samples were imaged under low-dose conditions at a nominal magnification of 

10,000× (larger area on micrograph) and 25,000× (boxed in region on micrograph).
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Figure 5. Analysis of the aggregation process of the Aβ (1–42) peptide by NMR
A) The indicated reaction mixtures were incubated for 8 days at 37 °C. Samples were taken 

at the indicated times and subjected to 1D-WG NMR analysis. The spectral region of 0.64–

1.07 ppm was integrated and used as a measure of signal loss due to the aggregation of the 

Aβ (1–42) monomer into NMR-invisible aggregates. Relative intensity (I(t) / I(0)) is the 

ratio of the NMR signal intensity at time t over the NMR signal intensity at time zero. B) 

The ability of HtrA2 to hydrolyze the Aβ (1–42) peptide was tested by incubating this 

peptide in the presence of HtrA2 at 37 °C. HtrA2 also cleaved itself in the reaction 

producing a ‘short-HtrA2” protein form. As controls, we also incubated a reaction 

containing only the Aβ (1–42) or HtrA2 alone. At the indicated time points samples were 

taken and resolved on a tris-tricine SDS-PAGE (14.5 %) and stained with Coomassie 

brilliant blue.
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Figure 6. The proteolytically inactive HtrA2 S306A mutant delays the aggregation process of the 
Aβ (1–42) peptide
A) The aggregation reaction of the Aβ (1–42) peptide in the presence of the HtrA2 S306A 

mutant was visualized at the electron microscope right after assembly (top panel) and after 

four hours (bottom panel) incubation at 37 °C. Each panel contains an image collected at 

10,000× magnification (larger area) and an image collected at 25,000× magnification (boxed 

in area). Panel B) is showing the results from the 1D-WG NMR analysis of the same 

reaction and controls (Aβ (1–42) peptide alone and the Aβ (1–42) peptide + HSA) over 

several days of incubation. The graph is plotting the relative intensity (I(t) / I(0)) of the 

NMR signal over time.
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Figure 7. Dispensable role of the PDZ domain in HtrA2 to delay the aggregation process of the 
Aβ (1–42) peptide
A) The Aβ (1–42) peptide was mixed with the HtrA2ΔPDZ S306A mutant and samples 

were imaged using negative staining before (top panel) and after (bottom panel) incubation 

at 37 °C for four hours. The image in the larger area was collected at 10,000× magnification 

and the image in the boxed area was collected at 25,000x magnification. B) 1D-WG NMR 

analysis was used to test the role of the PDZ domain of HtrA2 on the aggregation process of 

the Aβ (1–42) peptide. The indicated samples were incubated for several days at 37 °C and 

the relative intensity (I(t) / I(0)) of the NMR signal was measured in the reactions at the 

indicated time points.
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