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ABSTRACT

Equilibrium unfolding at neutral pH of the third PDZ domain of PSD95 is well described by the presence of a
partly unfolded intermediate that presents association phenomena. After some days' incubation annular and
fibrillar structures form from the oligomers. At pH values below 3, however, differential scanning calorimetry
shows that PDZ3 seems to unfold under a two-state scheme. Kinetic measurements followed by dynamic light
scattering, ThT and ANS fluorescence reveal that the misfolding pathway still exists despite the absence of any
populated intermediates and shows an irreversible assembling of the supramacromolecular structures as well
as an appreciable lag-phase, contrary to what is found in similar experiments at neutral pH. Moreover, as
shown by transmission-electron-microscopy images, the annular structures seen at neutral pH completely
disappear from incubated solutions. According to the structural information, this titration behavior appears to
be the consequence of a conformational equilibrium that depends on the protonation of some Glu residues
located at the C-terminal a3 helix and at the hairpin formed by strands 32 and (33. Our calculations suggest
that the enthalpic contribution of these interactions may well be as much as 40 kj-mol . The possible

regulatory role of this equilibrium upon PDZ3 functionality and amyloid formation is briefly discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Protein aggregation is considered today to be a generic property of
polypeptides and is thus a considerable problem for living organisms,
which must develop response strategies to avoid its harmful effects.
These effects span from arthritis to serious neurodegenerative
diseases. At the molecular and energetic level, the self-organization
mechanism of proteins relies on many properties related to both the
protein system (hydrophobicity, 3-sheet propensities etc.) and the
solvent conditions (pH, ionic strength, organic reagents etc.). These
properties can modulate the misfolding pathway in ways ranging
from downhill to nucleation-cooperative aggregation mechanisms.

In spite of extensive reports in the literature, our knowledge of the
basic processes by which polypeptide chains can give rise to well
ordered supramacromolecular structures is still poorly understood [1].
It has been suggested that the concepts underlying protein aggregation
might be similar to those describing the organization of synthetic
polymers, which may explain some features of the growth-kinetic

Abbreviations: DSC, differential scanning calorimetry; DLS, dynamic light scattering;
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processes [2]. A recent study has put forward a general unifying
mechanism based on the formulation of master equations that describe
the kinetics of fibrillar self-assembling as resulting from three basic
processes: i) a nucleation-dependent polymerization reaction (lag-
phase), usually slower than the ii) elongation of pre-existing nuclei, and
finally iii) a secondary nucleation event deriving from the fragmentation
of fibrils [3].

The almost universal irreversibility of amyloid-growth processes
has precluded any deeper understanding of them than their purely
kinetic features, and so little is known about the dynamics and nature
of the ensemble of states, the structural and energetic aspects of the
organization of their supramacromolecular assemblies or even of the
inter-conversion between their various types. In a previous work [4]
we explored the misfolding pathway of the third PDZ domain of the
PSD95 neuronal protein (PDZ3), comprising residues 302 to 402 of
PSD95. At neutral pH at 60-70 °C in plain water-buffered solutions the
PDZ3 domain populates a trimeric -sheet-rich intermediate state
that leads to a stepwise and reversible formation of annular and
protofibrillar structures, which remain in solution for various days
and finally give rise to fibrils. Some authors have suggested that it is
these annular and protofibrillar aggregates that are the toxic agents
responsible for amyloid diseases, most probably through membrane
interactions by pore formation [5,6].

To arrive at some insight into the molecular aspects of the
misfolding pathway of PDZ3 we undertook DSC experiments under
different pH conditions ranging from acidic to neutral. Surprisingly,
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the domain unfolded under a simple two-state scheme at pH values
below 3, whereas the previously described three-state regime
appeared above this value. Kinetic measurements followed by DLS,
ThT and ANS fluorescence revealed that the misfolding pathway still
existed despite the absence of any populated intermediates and
showed an irreversible assembling of the supramacromolecular
structures as well as an appreciable lag-phase at pH <3, contrary to
what was found in respective experiments at neutral pH. Moreover, as
shown by TEM images, the annular structures seen at neutral pH
completely disappeared from incubated solutions.

This titration behavior might be attributed to the protonation
equilibria of Glu and/or Asp residues, the pKa values of which are the
only ones within the range of pH 3-4. An analysis of two 1.4 A X-ray
structures of PDZ3 reveals that some Glu residues appear to be
principally responsible for the attachment of the a3 helix to the whole
PDZ3 structure through the B3-hairpin formed by strands 32 and 33. In
addition, we have already described the cyclation of the acidic residue
D322 into a succinimide ring at the p-turn organizing this 3-hairpin [7].
Thus, when these acidic residues titrate above pH 3 the proton
release would generate some degree of electrostatic repulsion
between their negative charges in the p2-33 hairpin as well as
between the Glu side-chains and the m-electron clouds of some
aromatic rings of the C-terminal a3 helix, which might contribute to
a weakening of the attachment. It has been proposed that this o3
helix may be a regulatory element of the binding properties of PDZ3
[7,8].

2. Materials and methods

The PDZ3 sequence cloned into pQE30 plasmid was generously
donated by Drs. Jose Reina (Institute of Biomedical Research, IRB,
Barcelona, Spain) and Luis Serrano (EMBL-CRG, Barcelona, Spain).
Residues 302 to 402 (in PSD95 numbering) were subcloned into pBAT4
(EMBL Core Purification Facility) and expressed in E. coli BL21/DE3 cells.
PDZ3 can be obtained at a ratio of 15 mg per liter of LB culture and
purified by Superdex-75 chromatography (GE-Pharmacia) in 50 mM K-
phosphate, 150 mM KCl, at pH 7.5. The molecular mass was 11004 Da as
determined by MALDI-TOF experiments carried out at the Centro de
Instrumentacion Cientifica (CIC) services of the University of Granada.
The extinction coefficient used was 2985 cm™'-M™!, determined as
described elsewhere [9].

DSC experiments were conducted in two VP-DSC instruments from
Microcal INC,, as described elsewere [10]. PDZ3 experimental conditions
were 50 mM buffer (either phosphate at pH 7.5, acetate at pH 4.0 or
glycine/HCl at pH 2.0-3.5). DLS, CD and ThT and ANS fluorescence
experimental details can be obtained from previous references [4,11].
TEM images of amyloid fibrils were made at the CIC services of the
University of Granada. 1% uranyl acetate was used for staining.

The two-state non-linear curve fittings of DSC traces at acidic pH
values were made on the basis of the equations reported elsewhere [10].
The established three-state model including an oligomeric intermediate
used to fit DSC traces above pH 3 (nN=I,=nU) has also been described
previously by us [4]. Linear functions for the heat-capacity functions Cpn
(T), Cpi(T) and Cpy(T) were always used. The unfolding (and dissociation
in the case of the three-state model) temperatures, enthalpies and heat
capacity functions for every experiment were obtained from the
respective fitting analyses. The error intervals were taken to be three
times the fitting standard errors (99% confidence). The fitting equations
for both models are described in detail in the Supplementary Material.

3. Results
3.1. PDZ3 unfolds under an apparent two-state scheme at acidic pH

As we showed in a previous work [4], the thermal unfolding of
PDZ3 at neutral pH reveals the presence of an oligomeric equilibrium
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Fig. 1. Calorimetric traces of PDZ3. The experiments were carried out at a protein
concentration of 1.5 mg-mL™~" and obtained at different pH values (gray symbols). Their
best fittings to the respective equilibrium models are also shown (solid black lines).

intermediate that populates maximally at around 60-70 °C. The DSC
traces comprise two well separated unfolding transitions, which can be
fully described by a three-state association-dissociation equilibrium
model (nN=I,=nU). We observed a similar behavior when we extended
our experiments to buffered solutions at pH values >3.5 (Fig. 1).
Nevertheless, at pH values<3 the biphasic behavior disappeared and
showed just a single endotherm, which can be described by a two-state
model (N=U; Fig. 1). The quality of the fittings is surprisingly good, as
revealed by Fig. 1 and by their R-square parameters (Table 1). In
addition, the reversibility of the unfolding process increased dramati-
cally from 60% for the biphasic traces to 90% for those below pH 3.
Nevertheless, this simple unfolding model does not seem to
describe the whole unfolding behavior of PDZ3 at pH<3 since an
increase in protein concentration above 5 mg-mL ™! produced a post-
transition shoulder similar to that observed at pH 3.5 (Fig. 1). This
feature should not appear in a pure two-state unfolding system, which

Table 1
Thermodynamic parameters for the unfolding of the PDZ3 domain of PSD95 obtained
from fittings to N=U and 3N=3U=I3 models®.

PH  Tny (°C) AHnu(Tnu)  Tuan  AHuin(Tuan)  AGnu(298)  R?
(kJ-mol 1) (°C)  (kJ-mol~") (kJ-mol 1)
3N=3U=I3
7.5 704405 335+20 792 —130+10 39+6 0.996
+1.2
40 70.0+0.3 335+10 893 —145+30 33+8 0.983
+14
3.5 674402 340+10 770 —1104+20 3747 0.999
+1.7
N=U
3.0 59.04£0.1 325+5 - - 26+2 0.999
25 516401 280+5 - - 1742 0.998
20 475401 26545 - - 14+2 0.998

2 The unfolding values at pH 7.5 were obtained from a previous work [4]. For the
remaining pH values the protein concentration was 1.5 mg-mL~'. The error intervals
for the three-state parameters were estimated by comparing the values obtained when
n=3 and 4. The errors in two-state analyses were taken to be three times the fitting
standard errors (99% confidence).
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has been described as being concentration independent [10,12].
Therefore, we can conclude that the intermediate state, although still
being inherent to the unfolding pathway, is not populated at acidic pH
values and low protein concentrations due to its energetic destabilization.

3.2. Evaluation of electrostatic contributions of acidic residues to the
thermodynamic parameters of unfolding

The titration behavior observed in DSC experiments is certainly due
to the protonation equilibria of Glu and/or Asp residues, the pKa values
of which are the only ones within the range of pH 3-4 (see Discussion for
further details). To evaluate the whole energetic contribution of the
electrostatic balance of Glu and Asp residues we have represented the
unfolding enthalpies as a function of their respective unfolding
temperatures obtained under the various pH conditions (Fig. 2). The
values deriving from two-state analysis (pH<3) correlate well with a
linear dependency. Furthermore, they coincide well with the hypothet-
ical value of 54]-g~! at 110 °C, which, as postulated by some authors
[12-16], represents a convergence value of the enthalpy functions of
small globular proteins. The slope of this regression provides a value for
the unfolding heat-capacity change of 5.6 kJ-K~'-mol™!, which is
comparable to the values obtained for other proteins of similar size
[12,15].

The enthalpy values obtained from three-state analysis (pH>3) do
not, however, fit any such linear dependency (Fig. 2). Thus, considering
that at these pH values the most relevant energetic feature appears to be
that related to the titration of Glu and Asp residues, we can conclude that
the roughly 40 kJ-mol ~' discrepancy between the values above pH 3
and the linear dependency of the enthalpy values under most acidic pH
conditions may well be related to the heat contribution of some
repulsive electrostatic forces developed upon the proton release of Glu/
Asp residues above pH 3.

Since the ionization enthalpy of roughly solvent-exposed carboxilic
groups is usually close to zero, the relatively high heat effect detected
may be put down to some conformational change within the N state
deriving from the proton uptake, being this state more structured at acid
pH than at neutral. Nevertheless, we could not detect any such change
by far-UV CD spectra, which show no appreciable differences between
pH 3 and pH 7.5 (Fig. S1).

An alternative explanation for the enthalpic differences may
conceivably be the low reversibility of the unfolding curves at neutral
pH, which is probably due to the irreversible conversion of a fraction of
the oligomeric intermediates into higher-order aggregates. This small
proportion of species might decrease the unfolding enthalpy due to the
reduction of the soluble protein fraction and/or to the exothermal heat
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Fig. 2. Analysis of the electrostatic contribution of Glu and Asp residues to the unfolding
enthalpy of PDZ3. The linear correlation among enthalpies derived from two-state
analyses (circles) is represented by a solid line. Dashed gray lines represent the 95%
confidence intervals of this linear regression. Gray squares with error bars are the
enthalpy values for three-state analyses. The diamond represents the convergence
value of 54 ]-g~! at 110 °C for small globular proteins.

effect that usually accompanies aggregation. Nevertheless, this decrease
would depend on heating rate and protein concentration, but as our
results show no dependence on any of these parameters (data not
shown; [4]), we choose to discard this explanation.

3.3. A different mechanism of PDZ3 fibril organization at acidic pH

As we have shown in a previous work [4], at pH 7.5 and 60-70 °C
the intermediate species of PDZ3 can develop a misfolding pathway
that begins with the formation of trimers, which appear above 50 °C.
These trimers self-associated into 12 nm particles that grew within a
few days into protofibrillar and annular assemblies and then into
fibrillar aggregates. The sequence of equilibrium events is summa-
rized in Fig. 3.

DLS experiments carried out with PDZ3 at acidic pH revealed a
stepwise misfolding reaction, differing in some important aspects
from that described above. Thus, the heating from 25 °C to 60 °C of a
8 mg-mL~! protein sample in 50 mM glycine/HCl buffer at pH 3
indicates that monomeric species remained in solution until the final
temperature, coexisting with other particles of 4.7 nm, which
appeared above 50 °C and comprised as much as 10% of the total
mass (not shown). When the sample was incubated at 60 °C as a
function of time the picture summarized in Fig. 4 was obtained.
Basically, both species remained within the solution after 4 h although
the mass percentage of the 4.7 nm species increased to 40%. It was
after this time when monomers definitely disappeared from the
protein solution and the 4.7 nm particles populated to a maximum. A
further incubation of the samples for longer times revealed that the
4.7 nm particles increased in size. It should be noted that at pH 7.5 the
monomers disappeared and fully trimerized before 60 °C was reached
[4]. These trimers never appeared at pH 3 however (Fig. 3).

Long-term incubated samples of PDZ3 at 60 °C and pH 3 were
analyzed by TEM (Fig. 5). Some particules of a few nm appeared after
4 h' incubation, which may be the 4.7 nm particles seen by DLS. After
1 day only fibrillar structures appeared and these became longer,
more populated and thicker with time. No annular structures were
found at all in any of the different preparations. The fibrils had a
similar curly shape to those seen at neutral pH, although they grew
faster when compared to those at pH 7.5. Competition with annular
structures within the misfolding pathway at neutral pH prevented the
fibrils from maturing due to the early formation of these structures,
whereas at acidic pH fibrils grew exclusively at the expense of the
precursory oligomers. In addition, the dilution and cooling down of
the samples to 25 °C did not destroy the fibrils at pH 3, as it did at pH
7.5, indicating that the misfolding processes were essentially
irreversible. DLS experiments also confirmed the irreversibility of
misfolding, since the distribution of the particles remained the same
when incubation at 60 °C was interrupted.

3.4. ANS and ThT fluorescence experiments reveal a lag-phase during
fibril growth and confirm the irreversibility of misfolding at pH 3

Heating a sample of a 8 mg-mL ™! PDZ3 inside the fluorimeter from
25 to 60 °C at pH 3 did not lead to fluorescence when ThT 12 uM was
added, although there was a small amount in the presence of 20 uM ANS
(Fig. S2). When both ThT and ANS samples were incubated at 60 °C, the
fluorescence emission recorded as a function of time displayed a
sigmoid kinetic profile with a lag-phase of around 100 min, where the
fluorescence remained minimal, although a substantial increase in the
signal occurred afterwards (Fig. 6). These curves displayed no sigmoidal
shape at neutral pH, at which we observed a substantial and practically
concomitant increase in the fluorescence of ThT and ANS samples at the
beginning of their incubation at 60 °C, indicating an essentially non-
cooperative growth [4]. The lag period of these curves is well accepted as
being a nucleation stage during which non-fluorescent oligomeric
species are formed prior to the fibrillar structures that will grow under a
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Fig. 3. A representation of the most salient features of PDZ3 misfolding under neutral and acidic pH conditions.

subsequent rapid, cooperative regime. This behavior is that which has
most frequently been observed among the many amyloidogenic
proteins studied to date [3,17-19].

The considerable difference in shape of the ThT and ANS profiles also
argues in favor of a different mechanism for the misfolding pathway
between neutral and acidic pH conditions for PDZ3. Thus, their increase
in fluorescence after roughly 2 h indicates that the non-fluorescent
species formed during this lag period (basically monomers and 4.7 nm
particles) did not expose hydrophobic patches and did not show typical
[3-aggregation, as occured at neutral pH with the respective trimeric and
12 nm oligomers. Therefore, the molecular nature of the fibril nuclei
formed under either pH condition is substantially different.

1.8 nm 4.7 nm

| 7 hours
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T T
1 10
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Fig. 4. The DLS distribution of hydrodynamic species of PDZ3 at pH 3. A protein solution
at a concentration of 8 mg-mL~! was heated to 60 °C, at which point the mass
evolution of the species as a function of incubation time (in gray) was recorded.

Surprisingly, at pH 3 the DLS experiments showed only the presence
of monomers and 4.7 nm particles after 4 h' incubation, which does not
coincide with the 2-hour lag-phase observed in the fluorescence
experiments carried out in the presence of ThT and ANS. The question
that arises is, “What might the species responsible for the increase in
fluorescence after the lag-phase be?” The explanation could be an
internal structural arrangement of PDZ3 monomers and/or oligomers.
This conformational change may give rise to the exposure of
hydrophobic surfaces and to 3-sheet-rich species that act as precursors
to the fibrillar structures. This conformational change was not detected
by far-UV CD, all the spectra collected at different incubation times being
practically identical in shape and displaying a minimum at 217 nm
(indicative of p-strand arrangements), which increased in intensity
concomitantly with incubation time (Fig. S1).

Finally, in addition to DLS and TEM evidence, the essentially
irreversible formation of the supramacromolecular assemblies at
acidic pH was proven by spectral analysis of samples cooled down to
25 °Cafter various hours' incubation at 60 °C. The fluorescence spectra
remained unaltered in all the solutions (Fig. S2), whereas at neutral
pH a hyperchromic effect appeared, due to the disaggregation of these
assemblies into their constituent protein monomers [4].

4. Discussion

4.1. pH-dependent differential features upon folding and misfolding of
PDZ3

In a previous paper we described the folding pathway of the PDZ3
domain from PSD95 protein at neutral pH [4]. It consists of a well
organized, stepwise, reversible process in which a trimeric intermediate
state, which maximally populates at 60-70 ¢ C, may be the precursory
ensemble of a misfolding pathway. During misfolding this oligomeric
intermediate self-associates into 12 nm particles that, after some days,
lead to annular and fibrillar supramacromolecular assemblies (Fig. 3).

In this work we have extended our experiments on PDZ3 folding to
acidic pH conditions and found some significant differences. Thus, DSC
experiments revealed that below pH 3 the PDZ3 domain apparently
unfolds under a two-state regime as a consequence of an energetic
destabilization of the intermediate state, which does not populate at
any temperature. Nevertheless, the misfolding pathway still remains
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Fig. 5. TEM analysis of PDZ3 supramacromolecular assemblies at pH 3. The left panel shows the 4.7 nm particles, seen also by DLS, after 4 h' incubation of an 8 mg-mL~" sample at
60 °C. The fibrils organized after 1 and 7 days' incubation are shown in the centre and right panels respectively. The scale bar corresponds to 200 nm.

under these acidic pH values, since fibrillar assemblies appeared after
1-2 days incubation at 60 °C.

The DLS results also showed considerable differences during the
early stages of self-assembling processes under acidic and neutral pH
conditions. Thus, particles of different sizes formed in PDZ3 prior to
the growth of fibrils (Fig. 3). In addition, TEM imaging only revealed
fibrillar assemblies at pH 3 and the ThT and ANS fluorescence kinetic
experiments were sigmoidal (lag-phase) compared to the exponential
shape at neutral pH (no lag-phase). Furthermore, the whole set of
kinetic experiments clearly indicated the completely irreversible
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Fig. 6. Growth kinetics of ThT and ANS fluorescence emission. An 8 mg-mL-1 PDZ3
sample was incubated in the presence of 12 uM of ThT or 20 uM ANS at pH 3. Time
dependence of the fluorescence signal versus incubation time at 60 °C for ThT (panel A)
and ANS (panel B).

nature of the misfolding species at acidic pH, which also runs contrary
to the reversibility of the misfolding pathway found at neutral pH.

4.2. A thermodynamic explanation of the irreversibility of PDZ3 misfolding
at acidic pH

As has been previously demonstrated in some examples [4,20], the
energetic character of self-assembling processes can be satisfactorily
explained by thermodynamic criteria. The stability of PDZ3 at pH<3
was within the range of 15-25 kJ-mol~! (Table 1), whereas we had
previously estimated the stability of the PDZ3 misfolding assemblies to
be 25 kJ-mol~'[4]. Thus, the higher stability of the N-state (around
40 kJ-mol~1; Table 1) than that of the aggregates may well explain the
reversibility of misfolding at neutral pH, while the misfolded structures
are preferred under acidic pH conditions, where the fibrils are slightly
more stable than the N-state itself. The fact that the aggregates
assembled more quickly at pH 3 than under neutral pH conditions can
be explained by the competition between fibrils and annular structures
within the misfolding pathway at neutral pH, whereas at acidic pH the
fibrils grew exclusively at the expense of the precursory oligomers.

4.3. Electrostatic forces are responsible for the differential folding behavior of
PDZ3 at neutral and acidic pH

The relevant role of electrostatic interactions in the organization of
amyloid fibrils has been described elsewhere [21-23]. Variations in pH
can modulate the electrostatic balance between intra- and inter-
molecular forces among protein molecules. The different behavior of
fibril growth found in the kinetic experiments under neutral (non-
sigmoidal) and acidic (sigmoidal) conditions must be a direct
consequence of the different stabilities of the precursory intermediate
state shown by DSC. Thus, the presence of a lag-phase at acidic pH
suggests that the formation of oligomeric assemblies needs to reach a
critical number/size prior to promoting further aggregation. At neutral
pH this process is energetically favoured by the stable precursory
intermediate state that already oligomerizes during heating from room
temperature to 60 °C [4]. A similar pH-dependent behavior has been
observed in human-serum albumin fibrillation processes [23].

Kinetic experiments also showed that the lag-phase at pH 3
continued for approximately 2 h, but DLS did not reveal the appearance
during this time of any new particle to which we might attribute the
increase in fluorescence observed. Thus, under such conditions,
monomeric and 4.7 nm particles remained exclusively for roughly 4 h
(Fig. 4). In addition, the lack of ThT and ANS fluorescence of these
particles suggests that they neither exposed hydrophobic patches (ANS)
nor showed typical 3-aggregation (ThT), as happened at neutral pH
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with the corresponding trimers and 12 nm particles (Fig. 3). These
observations clearly suggest that the oligomeric species will display
different structural arrangements at the two pH values. Following this
reasoning, the increase in fluorescence after the lag-phase at pH 3 would
be the consequence of a conformational change in the protein molecules
prior to the assembling of the fibrils, but we could not detect this by CD
spectrum analysis.

4.4. The 1.4 A X-ray structures of PDZ3 reveal a cluster of Glu/Asp residues as
being responsible for the energetic destabilization of the unfolding
intermediate at acidic pH

According to our experimental evidence, PDZ3 retains the three-
state regime described at neutral pH, characterized by the presence of
an energetically stable intermediate state, down to pH values of 4.0-
3.5 (Fig. 1), whereas at pH<3 the intermediate does not stabilize at
any temperature. Judging by the heat effect of unfolding, the
intermediate is much less structured than the native state and there
is no evidence that it inherits any structural element from the native
conformation, since it contains mostly p-structure. In this study we
also show that there is at least one acidic group per monomer within
the oligomer, the pKa value of such group falls below 4. At the same
time there must exist other titrating acidic groups within the native
conformation that modulate its stability when pH changes. These
groups with low pKa values might differ or remain the same between
both the native and the intermediate states.

The high-resolution X-ray structures of PDZ3 [PDB: 314W and 3K82
[7]] show that with only a few exceptions these residues are highly
exposed to the solvent. Thus, some Glu residues appear to be involved in
the attachment of the a3 helix to the whole PDZ3 structure. These
residues, mainly E334 from strand 33, and E396 and E401 from helix o3,
can interact by means of the aliphatic side-chains between them, these
interactions being influenced by the aromatic rings of residues F337
from the 33 strand, and Y397 and F400 from the o3 helix (Fig. 7).
Nevertheless, when Glu residues titrate above pH 3 (pKa =3.0-3.5) the
proton release should generate some degree of electrostatic
repulsion between the negative charges of the Glu side-chains,
where the m-electron clouds of the aromatic rings might also contribute
to this energy balance to some degree [24-28]. This phenomenon gives
rise to an opening of the C-terminal a3 helix and of the 32—{33 region, as
has also been shown by NMR [29]. The a3 helix constitutes an additional
structural element compared to other typical PDZ domains, which are
characterized by six [3-strands and just two a-helices and which has

been described elsewhere as an allosteric regulatory element that may
modulate the binding affinity of this PDZ3 domain [8].

Furthermore, the X-ray structures of the loop connecting the 32 and
33 strands, formed by residues G329-G335 (GGEDGEG), identify the
presence of a succinimide residue at the position of D332 (Fig. 7), which
is considered to be an intermediate step in the process of Asp
isomerization and Asn deamidation in proteins. From a conformational
point of view, this circular arrangement decreases loop flexibility and at
the same time results in the loss of a negative charge from the Asp
carboxil group [7]. Apart from these observations, the only relevant
feature of the other acidic residues consists of a salt-bridge formed by
residues R312-D357, which probably does not enter into the energetic
modulation between the different pH conditions since it is buried from
the solvent.

4.5. A molecular explanation for the titration behavior of PDZ3 folding
and misfolding

The biophysical analysis described here has led us to conclude that
the intermediate species developed by PDZ3 upon unfolding are
substantially different under neutral and acidic pH (<3) conditions.
Thus, the equilibrium experiments showed a net energetic destabi-
lization of the trimeric species seen at neutral pH, which persisted as
monomers during misfolding at pH<3. In addition, the non-
fluorescent character when using ThT and ANS probes suggests that
the intermediate structure at acidic pH is more compact than that at
neutral pH and displays a lesser hydrophobic content to the solvent.

A B-aggregation propensity analysis of the PDZ3 X-ray structures by
means of the Tango algorithm [30] did not reveal any substantial
differences between pH 7.5 and pH 3, residues 340-350 (pertaining to
33 and a1 secondary structures) and 392-397 (deriving from 5 and
«3) being the most prone to 3-aggregation (Fig. S3). An inspection of
PDZ3 X-ray structures shows that residues E334 from (33, and E396 and
E401 from a3 may generate some electrostatic repulsion upon proton
release at pH>3.5 [quantified as 40 kJ-mol~' according to DSC
unfolding experiments (Fig. 2)] and thus cause the neighbouring
residues from the B3-al and B5-a3 regions to protrude from the
protein leaving them susceptible to 3-aggregation (Figs. 7 and S3). These
partly unfolded intermediates stabilized themselves through oligomer-
ization in the trimeric species seen at neutral pH. Nevertheless, at pH <3
the protonated Glu residues did not develop such repellent electrostatic
forces and the regions prone to aggregation did not protrude from PDZ3,
which remained as a monomer in the solution. The 4.7 nm particles
might arise from a non-specific aggregation of monomers, as has been

Fig. 7. Electrostatic surface of the PDZ3 domain calculated with APBS [39] implemented in PyMOL (DeLano Scientific Palo Alto, CA; www.pymol.org). A detail of the interface of the a3
helix at the C-terminus of PDZ3 with the p2-{33 loop showing the spatial arrangement of Phe, Tyr and Glu residues is shown. The green dashed lines represent relative distances

between residues.
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shown in other examples [19]. These features may also explain the
absence of fluorescence in the acidic particles and the highly fluorescent
nature of those at neutral pH.

In support of these arguments it should be pointed out that the
flipping of the a3 helix has been observed by other authors in hydrogen-
exchange NMR experiments [29] and that we ourselves have described
the structural interconnection between the a3 helix and the loop
connecting the 32 and 33 strands [7]. Furthermore, as mentioned above,
the a3 structural element has been proven to be a regulatory element of
PDZ3 binding capacity [8] and is also an extra structural element of
PDZ3, as compared to other PDZ topologies. Thus we may conclude that
the C-terminal o3 helix also appears to be a regulatory element in the
folding and assembling of the PDZ3 domain. In support of these
conclusions we can point to the essentially different physico-chemical
nature of the residues involved in the stacking of the a3 helix (mainly
the above-mentioned Glu and aromatic residues) from those of the rest
of the secondary structural elements, in which a collection of methyl-
methyl mediated hydrophobic interactions, involving mainly aliphatic
side-chains, can be found [31].

It must be pointed out that these electrostatic interactions between
the a3 helix and the 32-33 loop residues are almost certainly ultimately
responsible for the reversible formation of the annular structures seen at
pH 7.5 (Fig. 3) [4]. Further research is needed into this point to clarify
whether such annular arrangements can cause toxicity in vivo, as has
been shown in some other examples [6,32,33]. Less is known about the
molecular mechanism by which they are formed from PDZ3 trimers or
about the hypothetical biological relevance of these supramacromole-
cular assemblies within the context of the “hub” protein PDS95, a
member of the MAGUK family, the function of which has been described
as a recruitment centre for proteins at the inner face of the neuron
membrane [34,35]. Within this context, the electrostatics of the PDZ3
module might be modulated by the membrane micro-environment
[24-28] to control, for instance, the spatial- and time-dependent release
(as hub proteins do) of protein ligands via a conformational change in
the a3 helix [8]. A similar distribution of charged and aromatic groups
can be seen at the a3 helix in the PDZ3 module of the homologous DLG-
2 protein from drosophila (PDB: 1PDR). Structural modelling has also
begun to point to some possibility of a functional role for the linker
sequence connecting PDZ1 and PDZ2 in PSD95, as well as a regulatory
role for other linker segments in PSD95 [36-38].

Supplementary materials related to this article can be found online
at doi:10.1016/j.bpc.2011.05.018.
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