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Structural characterization of a misfolded intermediate
populated during the folding process of a PDZ domain
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Incorrectly folded states transiently populated during the protein folding process are potentially prone to aggregation and have
been implicated in a range of misfolding disorders that include Alzheimer’s and Parkinson’s diseases. Despite their importance,
however, the structures of these states and the mechanism of their formation have largely escaped detailed characterization
because of their short-lived nature. Here we present the structures of all the major states involved in the folding process of a PDZ
domain, which include an off-pathway misfolded intermediate. By using a combination of kinetic, protein engineering, biophysical
and computational techniques, we show that the misfolded intermediate is characterized by an alternative packing of the
N-terminal B-hairpin onto an otherwise native-like scaffold. Our results suggest a mechanism of formation of incorrectly folded
transient compact states by which misfolded structural elements are assembled together with more extended native-like regions.

The large majority of biochemical processes that take place in living
cells rely on the ability of proteins to fold into their functional native
states’. When folding fails, the identification and elimination of the
misfolded species becomes a critical task, as the accumulation of mis-
folded proteins is associated with a wide range of human disorders
such as Alzheimer’s and Parkinson’s diseases and type II diabetes?3.
To distinguish between native and non-native conformations of pro-
teins, the cell uses various sensor molecules, including molecular
chaperones, that selectively recognize misfolded species*~6. Thus,
the quality control system does not degrade functional species, but it
is triggered by the presence of folding defects”8. Although it is gen-
erally assumed that the exposure of aggregation-prone hydrophobic
regions is the hallmark of misfolding®, only recently is it becoming
possible to outline the structural characteristics of folding defects that
mediate the recognition of misfolded species by the quality control
system!%-12, Although major advances have been made in determin-
ing the structural features of on-pathway folding intermediates by
a variety of techniques, including NMR spectroscopy and ®-value
analysis'3~18, the primary aim of these studies has been to define the
rules that govern the folding process. Thus, despite their key role in
initiating pathological events, we are just beginning to clarify the
structural features of misfolded metastable states!®20.

In this study we consider the problem of characterizing the struc-
ture of a misfolded intermediate and of defining the molecular events
that determine whether nonproductive misfolding pathways are taken,
rather than the correct folding pathway. In order to address these
questions, we consider a PDZ domain protein that has been recently
shown to populate an off-pathway intermediate?!. PDZ domains

are small (90-100 amino acid) domains that adopt a six-stranded
B-sandwich fold flanked by two o-helices??, with the typical linear
arrangement of the secondary structure elements being BBRoBRof.
However, the PDZ domain family also comprises circularly permuted
variants, whereby the canonical B1 strand is shifted to the C terminus
of the sequence?®?. A number of canonical PDZ domains fold via a
conserved three-state mechanism, proceeding through two sequential
transition states and one unstable on-pathway intermediate?>-30. By
contrast, the folding process of a naturally occurring, circularly per-
muted PDZ domain—the D1 C-terminal processing protease (D1p) of
the green alga Scenedesmus obliquus—involves a kinetic competition
between folding to the native state and misfolding to a low-energy
off-pathway intermediate®!. This type of misfolding is likely to be
relatively rare in small protein domains, but it may be more common
with larger proteins that have more complex topologies . We recently
engineered a circularly permuted variant of PTP-BL PDZ2, mimick-
ing the sequence connectivity of the naturally occurring circularly
permuted PDZs. This variant is characterized by the presence of an
intermediate, which is stabilized by the circular permutation'®2!. The
PDZ family thus offers the possibility to investigate the determinants
of folding and misfolding in the context of divergent sequence and
sequence connectivity, within the same three-dimensional frame.
To map the structural features of both the productive and nonpro-
ductive folding pathways of this small protein domain, we carried out
a ®-value analysis, whose results were then incorporated as structural
restraints in molecular dynamics simulations of D1pPDZ. Our results
indicate that the structural features in the productive folding transi-
tion state of D1pPDZ resemble the early transition state for folding
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of the canonical PTP-BL PDZ2, which we described previously?3,
and thus suggest the existence of a conserved productive folding
pathway, despite the low sequence identity and alternative sequence
connectivity . Our study, however, also reveals how specific events
can cause the failure of this conserved folding mechanism. Our ana-
lysis of the nonproductive pathway indicates that the misfolded inter-
mediate of D1pPDZ, despite having an overall native-like topology,
is characterized by a non-native and nonfunctional arrangement of
the ligand-binding pocket region, caused by the incorrect docking of
the N-terminal B-hairpin onto the remainder of the structure. Taken
together, our results indicate that the productive folding of D1pPDZ
is driven by the formation of interactions in the main B-sheet and
its docking with 0.2, whereas misfolding is caused by the incorrect
docking of the N-terminal B-hairpin.

RESULTS

®-value analysis

A general and challenging problem in studying the structure of interme-
diates in the folding process is that these reactions are generally highly
cooperative, so that any other state populated during the process is
extremely difficult to observe by standard methods of structural biol-
ogy'. A powerful strategy to address this problem, and to obtain struc-
tural information about intermediate and transition states, is to carry
out a systematic comparison of the folding and unfolding rate constants
for a series of mutational variants, from which it is possible to map out
the interaction patterns in the intermediate and transition states. In this
approach, the so-called ®-value analysis®?, the strength of the contacts
is measured by a parameter—the @ value—that represents the change
in stability of an intermediate (or of a transition state) relative to that
of the native state. Thus, @ = 1 indicates that the site of mutation is
fully structured in the intermediate (or in the transition state), whereas
@ = 0 indicates that such a site is essentially unstructured, and inter-
mediate values usually represent a partial degree of formation of the
native interactions in the intermediate (or in the transition state).

In this work, we used ®-value analysis to study the properties of
the main states populated during the folding process of D1pPDZ.
Forty positions in the 95-residue sequence of this protein were probed
by conservative site-specific mutagenesis; mutants at such positions
were constructed, purified and characterized (Supplementary Table 1
and Supplementary Fig. 1). The folding time-course of wild-type
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Figure 1 Folding kinetics of D1pPDZ. (a) Representative refolding trace

of D1pPDZ. Gray line is the best fit to a double exponential. (b) Trace of a
mutant (L245A) that populates almost exclusively the misfolded intermediate.
The gray line is the best fit to a single exponential. Although refolding of
D1pPDZ is biphasic, the mutant shows only the fast phase, reflecting the
transition from the denatured state to the misfolded intermediate.

D1pPDZ is biphasic (Fig. 1a), both in the presence and absence of
stabilizing salt?!. We have previously demonstrated that such a bipha-
sic refolding is caused by the kinetic partitioning between two folding
pathways, one leading to the more stable native state and the other to
the less stable off-pathway intermediate (Fig. 1a). In the present study,
we carried out urea-induced kinetic (un)folding experiments in the
presence of a stabilizing salt (0.4 M sodium sulfate). The majority of
the D1pPDZ variants—30 mutants—had biphasic kinetic (un)folding
traces, similar to those observed for the wild type; the time courses
were fitted to a double-exponential function, allowing unambiguous
determination of all four microscopic rate constants. Reliable ® values
were calculated for 24 variants (AAGy_p > 0.5 kcal mol~, ref. 33),
thereby providing information on interactions formed in the interme-
diate (@}, Supplementary Table 1) and in the
two distinct transition states (®gy and Prgy,
respectively, Supplementary Table 1).

In contrast to the biphasic time course in
the folding of wild-type D1pPDZ, ten mutants

Figure 2 Comparison between the chevron plots
of D1pPDZ and of six representative mutants
(Y169A, A183G, VI98A, L210A, S211G and

L245A). Empty circles refer to the kinetic data
of intermediate (un)folding, and filled circles to
native (un)folding. The folding of D1pPDZ is
indicated by gray symbols and lines. Mutant
proteins are indicated by black symbols and
lines. Data for all variants (except L245A)

are fitted to a three-state equation with an
off-pathway intermediate. Because of the
complexity of the kinetic model, the m values
for the microscopic rate constants were
assumed to be the same as those determined for

[Urea] (M)

wild-type D1pPDZ. The kinetic data of L245A
(un)folding were fitted to a two-state equation.
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Figure 3 Structural distribution of the @, values in the misfolding reaction of
D1pPDZ. (a) Mapping of the experimentally measured @, values on the native
structure of D1pPDZ. The @, values are divided into four categories and color
coded accordingly: white, 0 < @, < 0.33; magenta, 0.33 < @, < 0.66; deep
blue, 0.66 < @, < 1; and cyan, @, > 1. (b) Mutations at ten positions (shown

in yellow or red spheres) destabilize the native state but do not substantially
destabilize the intermediate, thereby shifting the equilibrium toward the
intermediate (Supplementary Table 1). The V177A and L212A mutations (at the
positions marked by red spheres) stabilize the intermediate while destabilizing
the native state, indicating that the two residues have a negative @, value.

showed single-exponential refolding and unfolding time-courses under
all investigated conditions (Fig. 1b and Supplementary Table 1). These
variants were characterized by a fluorescence change associated with
the transition from the denatured state to the intermediate, during the
refolding reaction, and vice versa during unfolding (Fig. 1b). In analogy
with what was previously observed for the Engrailed homeodomain34,
we conclude that the mutations destabilize the native state much more
than the intermediate, modifying the folding process by increasing the
lifetime of the latter. The experimental traces of these ten mutants con-
formed to single-exponential time courses, and their chevron plots were
fitted to a two-state equation (Fig. 2).

Because unusual @ values, such as ® > 1 or ®@ < 0, are often indica-
tive of non-native contact formation3>-%’, they can in principle be used
to detect misfolded regions. The folding kinetics of wild-type D1pPDZ
clearly indicates that the intermediate represents a kinetic trap that
needs to unfold before the folding process can proceed to the native
state. We did therefore expect the ®-value analysis to produce a set of
unusual ® values indicating the existence of large regions of the struc-
ture of the intermediate characterized by the presence of non-native
interactions. Notably, among the 24 reliable ®; values obtained, only
two (for A184G, ®;=1.210.2, and for S211G, ®; = 1.9 £ 0.6) indicated
non-native contact formation. The great majority of ®; values range
from 0.5 to 1, suggesting that the overall fold of the intermediate is
largely similar to those found in partially or fully formed native-like
interactions (Fig. 3a and Supplementary Table 1).

Additional insight about the structure of the misfolded intermediate
is provided by the set of ten mutants that destabilize the native state
and increase the lifetime of the intermediate (Supplementary Table 1
and Figs. 1 and 3b); most of these positions are part of the hydrophobic
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core of native D1pPDZ. We also found, however, that two of the muta-
tions (V177A and L212A, Fig. 3b) stabilize the intermediate and
destabilize the native one, implying a negative ® value. In the native
protein, these two positions are engaged in long-range interactions
(Fig. 3b) and are also close to position 211, where the S211G mutation
is associated with an unusual @; value (®; = 1.9 £ 0.6).

Taken together, these observations suggest that the intermediate is
largely stabilized by native-like interactions and misfolding is limited
to the specific region involving the packing of the N-terminal 3-hairpin
and a2. In this sense, the cause of misfolding is the improper docking
of the N-terminal B-hairpin, which acquires a swapped orientation in
the intermediate.

A structural model of the misfolded intermediate

The structure of the intermediate was defined by using molecu-
lar modeling and molecular dynamics simulations with ®-value
restraints®®-4!, In this method, the experimental ® values are assumed
to reflect the fraction of native contacts that the corresponding
protein residues form in the intermediate (see Online Methods). We
used the ®; values (Supplementary Table 1) to calculate an ensemble
of conformations representing the structure of the intermediate; its
topology was assumed to comprise an inverted N-terminal -hairpin
(strands B1 and B2) packed onto the rest of the structure, which was
considered to be largely native-like. Whereas the native state and the
intermediate share essentially identical secondary structure con-
tent, the single tryptophan residue at position 178 (Trp178) adopts
a different orientation in the native state (Fig. 4a) than in the inter-
mediate (Fig. 4b), being partly solvent exposed in the native state and
almost completely buried in the intermediate. We further observe that
incorrect docking of the N-terminal 3-hairpin onto o2 compromises
the architecture of the ligand-binding pocket, which is located at the
interface between 0.2 and B1 in circularly permuted PDZ domains.

Validation of the structural model of the misfolded intermediate
To validate the structure of the intermediate that we calculated
by incorporating @ values as restraints in molecular dynamics
simulations, we exploited the opportunities offered by the fact that
ten of the mutants presented in this work destabilize the native state

Figure 4 Comparison of the structures of the intermediate and the native
states. (a) Intermediate state. (b) Native state. The upper panels illustrate
the packing between the N-terminal B1-B2 hairpin and the rest of the
protein. The B1-B2 hairpin is drawn as cyan ribbons, with side chains
explicitly shown; the remaining part of the protein is drawn as red ribbons
and gray surfaces. The structures of the intermediate and native states are
shown in the lower panels. The B1-B2 hairpin is drawn as red ribbons and
the rest of the protein as cyan ribbons. The single tryptophan residue in
position 178 is partly solvent exposed in the native state yet is completely
buried in the intermediate state.
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Figure 5 Comparison of the spectroscopic and functional properties of D1pPDZ (gray) and three mutants that populate the intermediate state, VI63A
(blue), A193G (red) and L231A (black). (a) Fluorescence emission spectra of D1pPDZ. (b) Near-UV circular dichroism spectra. (c) Equilibrium
binding titration to the peptide EAPSVNA monitored by the change in intrinsic fluorescence at 350 nm. The experiments were done in 50 mM sodium
phosphate, pH 7.2, at a constant protein concentration of 5 uM. Whereas D1pPDZ yields a simple hyperbolic transition, no detectable change in

fluorescence could be observed with the mutants.

much more than the intermediate, thus shifting the equilibrium
toward the latter. Among these ten mutational variants, we selected
V163A, A193G and L231A, which are located at different positions
along the polypeptide chain, for the analysis.

Consistent with the predictions made on the basis of the structure
of the intermediate that we presented above, the fluorescence emis-
sion spectra of the three mutational variants are blue shifted rela-
tive to the case of the native state (Fig. 5a), indicating that Trp178
lies in a more hydrophobic environment in the intermediate, which
thus confirms the orientation of the Trp178 side chain reported in
Figure 4b. In addition, the three mutational variants and the wild-
type protein have nearly identical far-UV circular dichroism spectra
(Fig. 5b), indicating that the secondary structure content in the inter-
mediate is similar to that in the native state, which is consistent with
the structure of the intermediate that we calculated. Furthermore, a
synthetic peptide (EAPSVNA) mimicking the natural binding target,
the C-terminal extension of the D1 polypeptide of photosystem I131,
was used in ligand-binding equilibrium experiments. As previously
shown for other PDZ domains?!, binding of the ligand produces a
conformational change often sufficient to alter the intrinsic protein
fluorescence . Although the wild-type protein binds the peptide with
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a hyperbolic behavior with an apparent Kp, of about 200 UM, none
of the three mutants that we analyzed showed a detectable change in
fluorescence, even in the presence of up to 2 mM peptide (Fig. 5¢).
This result indicates clearly that no binding takes place in the inter-
mediate, as expected on the basis of the structure of the intermediate
that we calculated, in which the architecture of the binding pocket is
destroyed by the misfolding of the N-terminal B-hairpin.

Because all three of the mutational variants that we analyzed
(V163A, A193G and L231A) have similar spectroscopic and
functional properties, these experimental data support the structure
of the intermediate that we presented, and they indicate that this state,
although retaining a native-like secondary structure, has a misfolded
ligand-binding pocket, which arises from a swapped orientation of
the N-terminal B-hairpin.

Structural models of the TSN and TSI transition states

The analysis of the folding kinetics of the series of mutational variants
that we considered in this work also enable us not just to define the
structure of the misfolded intermediate but also to understand the
molecular events that lead to its formation and that are distinct from
those leading to the correct folding to the native structure.

As the key events in the productive folding or in the nonproduc-
tive misfolding pathways are the formation of the respective transi-
tion states, we used the ®-value analysis to characterize the structure
of such states; we denote as TSN the transition state between the
unfolded and the native state and as TSI the transition state between
the unfolded and the misfolded intermediate. As in the case of the
intermediate, we calculated the TSN and TSI structures by using
molecular dynamics simulations with ®-value restraints (see Online
Methods). We used ®rg; and Py values (Supplementary Table 1)

Figure 6 Comparison of the TSN and TSI structures of D1pPDZ.

(a) Conformational ensemble of TSI. (b) Conformational ensemble of TSN.
The color codes are gray (loops), purple (helices), yellow (B-strands) and red
(B1 and B2). (c) Contact map of TSI. (d) Contact map of TSN. The contact
maps are averaged over the structural ensembles; for each member of

the ensemble, a contact is assigned if at least an inter-residue distance
(heavy atoms only) is below 6.5 A. Probabilities are normalized to range
from O (for not contacting residues) to 1 (for tightly contacting residues).
Red circles indicate contacts between strands f1 and 2. Orange circles
indicate contacts between the B1-B2 hairpin and the rest of the protein.
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Figure 7 Comparison of the solvent exposure of the aggregation-prone
regions of D1pPDZ in the native and in the misfolded intermediate case.

(a) Native structure, which has been color coded according to the sequence-
dependent aggregation propensity#®, which is shown in b; blue indicates
highly aggregation-prone regions, and red indicates aggregation-resistant
regions. (b) Sequence-dependent aggregation propensity of D1pPDZ;

green shaded areas indicate regions that are highly aggregation prone.

(c) Misfolded intermediate structure, color coded in the same manner as for
the native state. (d) Comparison of the solvent-exposed surface area (SASA)
between the native state (black line) and the misfolded intermediate (blue
line); the aggregation-prone regions in the N-terminal part of the protein,
which corresponds to the B1-B2 hairpin, are substantially more solvent
exposed in the misfolded intermediate than in the native state.

to calculate structural ensembles representing TSI and TSN, starting
from the structures of the intermediate and the native state, respec-
tively (Fig. 6). In the calculated TSI structure, the alternative packing
of the N-terminal -hairpin (strands B1 and 2) on the native-like
protein scaffold leads to the formation of stabilizing backbone and
hydrophobic interactions similar in magnitude to the native ones.
This arrangement is due to the symmetry of the backbone trace
of B-hairpins that allows swapping the strands B1 and B2 without
affecting the hydrogen-bonding network of the protein backbone
(Fig. 6). However, such an alternative misfolded docking of the
B-hairpin occurs while preserving the pattern of side chain packing,
thereby keeping an optimized exposure of hydrophobic residues also
in TSI (Fig. 6). These features indicate that the TSI structure is itself
optimized, conserving favorable interactions similar to those evolu-
tionarily selected for the native state. As expected from the starting
conformation and the experimental data, the two ensembles have a
high structural similarity, except in the region where the B-hairpin
docks on the protein scaffold. Analysis of the contact maps provided
an additional assessment of the structural features of the ensembles
(Fig. 6). Here the occurrence of inter-residue contacts is reported
for the two structured ensembles of TSI (Fig. 6¢c) and TSN (Fig. 6d).
The results indicate that in TSI, stable, native-like interactions are
formed not only between the regions corresponding to the native
secondary elements (01, 02, B3, B4 and 5) but also at the $1-52
hairpin interface (red circles). However, although these interactions
are highly conserved in both TSI and TSN, the $1-B2 hairpin in these
two structures is interfaced with the rest of the protein in a completely
different orientation (orange circles).

A comparison of the structural features of TSN with those of TS1
of PDZ2 from PTP-BL, a previously characterized canonical PDZ
domain, suggests the presence of common features in the productive
folding of PDZ domains at large. In particular, both proteins have high
@ values in the regions of 0.2, 3 and 5 (4 and B6 in the canonical
PDZ domain; see Supplementary Table 1 and compare with Table 1
from ref. 28), which represent the early folding nucleus for both
proteins. A similar behavior was also observed for the early transition
state of PDZ3 from PSD95, whose folding was however characterized
by the presence of an additional nucleus at the level of the interaction
between B1 and B2 (B2 and B3 in canonical PDZ domains??).

DISCUSSION

In this work, we have characterized all the major states on the folding
pathway of the small protein domain D1pPDZ, which is a natural per-
mutant of the canonical PDZ domain, by using ®-value analysis com-
bined with restrained molecular dynamics simulations. The folding
of this protein involves the presence of an off-pathway intermediate
and two transition states, the first (TSI) leading from the denatured
state to the intermediate and the second (TSN) from the denatured to
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the native state. In this protein, the direct pathway to the native state
is in competition with the one populating the intermediate, which is
misfolded and should thus unfold to enable productive folding.

Our results suggest that the misfolding intermediate observed
for D1pPDZ is largely stabilized by non-native interactions concen-
trated in the ligand-binding region, leading to a misfolded structure
characterized by an incorrect docking of the N-terminal B-hairpin
with 02. The high-resolution structural information that we have pre-
sented of this misfolded state shows that the intermediate has mostly
native-like features, such as formation of the main -sheet and partial
formation of the o-helices, but is less compact than the native state
and characterized by a crucial alternative docking of the N-terminal
f-hairpin (Fig. 4). In the context of the free energy landscape theory*?,
folding takes place over a funneled landscape, and folding pathways
are robust against mutations. However, the distinct demands of fold-
ing and function appear to trigger conflicting requirements of the
amino acid sequence of D1pPDZ, and the formation of non-native
interactions between residues making up the ligand-binding pocket
in the native state are the main cause for the formation of the mis-
folded intermediate. We therefore suggest that functional demands
involved in shaping the ligand-binding pocket may compromise an
otherwise robust folding process. This view is in agreement with recent
theoretical studies showing that highly frustrated regions often corres-
pond to those binding other macromolecules or small ligands*>#4.

The formation of the misfolded intermediate may further compro-
mise the reliability of the folding process of D1pPDZ, because such a
non-native conformation could be less protected against aggregation
than the native state. This expectation is supported by the analysis
of the sequence-based aggregation propensity*> of D1pPDZ, which
suggests that the aggregation-prone regions in the N-terminal part of
the protein are substantially more solvent exposed in the misfolded
intermediate than in the native state (Fig. 7). By contrast, the other
aggregation-prone regions in the sequence of D1pPDZ (green shaded
areas in Fig. 7b,d) have essentially the same degree of solvent expo-
sure in the native state as in the misfolded intermediate.

The results presented in this work provide a structural perspective
to assess previous work on the folding of the PDZ domain family.
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Folding studies on sequence-divergent variants of the PDZ family have
revealed that a number of canonical variants share a common three-
state mechanism comprising an on-pathway folding intermediate?®30,
Furthermore, ®-value analysis of the two three-state folders PDZ2 of
PTP-BL and PDZ3 of PSD-95 have demonstrated that although the
early folding events are clearly distinct, the folding pathways converge
at the late transition state?®. In the present study we have observed
that the structure of the productive folding transition state of the
naturally occurring circularly permuted D1pPDZ clearly resembles
TS1 of PTP-BL PDZ2, despite the alternative connectivity of second-
ary structure elements and low sequence identity. This observation
illustrates the importance of the native state structure in guiding the
folding pathway.

Studies of topological variants, such as engineered circularly per-
muted proteins, have demonstrated that loop entropy perturbations
may redirect the folding to alternative nuclei when such quasi-species
are available*®~#°. Furthermore, theoretical studies have highlighted
the significance of a symmetric distribution of secondary structure
elements along the sequence in promoting the presence of parallel
folding pathways>’. Notably, the D1pPDZ has a symmetric linear
organization of the a-helical and -sheet elements, and it is plausible
that this configuration may promote alternative folding pathways. This
conclusion is supported by our recent work on a circularly permuted
variant of PTP-BL PDZ2 (cpPDZ2) that shares the sequence connec-
tivity of D1pPDZ. Indeed, similar to what is observed for D1pPDZ,
in the case of cpPDZ2, an intermediate is involved in the folding
process'®21. Tt thus appears as if the circularly permuted PDZ domains
are more prone to folding through stable intermediates, and thus show
a reduced folding cooperativity. On the basis of our results, we may
speculate that the symmetric connectivity of circularly permuted PDZ
domains facilitates the formation of alternative folding nuclei, which
in the case of D1pPDZ leads to a misfolded intermediate. Misfolding
would thus result from a combination of frustrated interactions in the
ligand-binding region*>** and a symmetric sequence connectivity
that allows for alternative nucleation®.

We have presented the structure of all the major states populated
during the folding process of the circularly permuted PDZ domain
of D1p, and characterized in particular the structure of its misfolded
intermediate. These results were achieved by conducting an exten-
sive ®-value analysis to map the interactions formed in the differ-
ent transient species and by using the resulting values as structural
restraints in molecular dynamics simulations. Our findings reveal
that although the productive folding of D1pPDZ is similar to that
observed in another canonical PDZ domain (PDZ2 from PTP-BL),
the off-pathway intermediate, whose topology largely resembles that
of the native state, is less compact and shows a misfolded docking
of the N-terminal B-hairpin onto an otherwise native-like scaffold.
These results suggest that misfolded intermediates may often be quite
compact, rather than substantially unstructured and highly dynamic,
and may contain misassembled structural elements along with more
extended correctly folded regions .

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Mutagenesis, expression and purification. Mutants were made using a
QuikChange site-directed mutagenesis kit (Stratagene) and the synthetic gene
encoding pseudo-wild type D1pPDZ as template. This construct encodes for
residues 159-253 of D1p protease and was expressed and purified as described in
reference 31. The mutations were confirmed by DNA sequencing and the purity of
the proteins was checked by SDS-PAGE. All reagents were of analytical grade.

Binding assays. A peptide mimicking the natural substrate of D1pPDZ
(EAPSVNA) was purchased from JPT. Equilibrium binding experiments were
carried out by exciting the tryptophan at 280 nm and measuring the fluorescence
emission of the protein sample, at a 5 uM protein concentration, in the presence
of different peptide concentrations, ranging from 1 uM to 2 mM.

Kinetic experiments. All kinetic experiments were conducted on a Pi-star
stopped-flow apparatus (Applied Photophysics). (Un)folding was followed by
stopped-flow experiments in which the protein sample was excited at 280 nm
and the change in fluorescence was followed using a 360-nm cutoff filter. Using
this cutoff filter, the amplitudes of the observed phases are of opposite sign’!,
allowing unequivocal distinction between the misfolding and the productive
folding events. Dilution of denatured or native protein by a factor of 11 in appro-
priate buffer initiated refolding and unfolding . Final protein concentrations were
typically in the range of 2-5 uM . As described in reference 31, (un)folding of
D1pPDZ was always independent of protein concentration. All kinetic experi-
ments were done in 50 mM sodium phosphate buffer (pH 7.2) containing 0.4
M sodium sulfate and at 25 °C. Biphasic refolding and unfolding traces were
observed for 23 mutants. The combined chevron plots, obtained by analyzing
the urea dependence of the two observed rate constants, were adequately fitted
to the analytical solution of the quadratic equation describing folding with an
off-pathway intermediate, as previously described>!. Owing to the complexity of
the kinetic model, the m values for the microscopic rate constants of all mutants
were assumed to be the same as those determined for wild-type D1pPDZ3!. Ten
mutants showed single-exponential (un)folding kinetics, and the kinetic data
for these mutants were fitted to a two-state folding mechanism>2. The AAG and
@-values for each mutant were calculated from kinetic parameters using the
following equations:

wt—mut kIVS’EN kf\llujf)
AAGE ™ =RTIn ot it (6))
N-D "AD-N
wi—mut kBN 2
Cmut L
AAGHU R = RT - In T @
D-N
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ToN = D-TSN (3)
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AAGE'™ = RT - In| -R-LZEED. )
ki”p -kp-1
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AAGHtmut
t—mut kB
wt—mut __ —
AAGHT I =RT -In ot (6)
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PIS1 = { Gt @)

where kD-Iand kI-D are the forward and reverse microscopic rate constants for
the reaction leading to the intermediate and kD-N and kN-D are the forward and
reverse microscopic rate constants for productive folding to the native state.

Molecular dynamics simulations. Molecular dynamics simulations of TSN were
started from the atomic-resolution (2.0-A) X-ray structure of PDZ (PDB code
1FC7, fragment 159-253). For calculating the ensemble TSI, the starting model
was generated by docking the swapped N-terminal -hairpin (strands B1 and 32),
optimizing the residues packing in the cleft, and equilibrating by a 50-ns molecu-
lar dynamics simulation in explicit solvent (using the CHARMM22 force field,
NPT ensemble, 300 K and 1 atm). To compute the transition state ensembles,
experimental @ values have been treated as restraints in molecular dynamics

simulations. In this method, @ values are defined as3%3°
cale .,y _ Nr(t)
O ()= nat 8

r

where the @ value of residue r is modeled as the ratio between the number of
native contacts, N,(f) (heavy side chain atom contacts within a cutoff distance of
6.5 A), at time t during the simulation, and the number of native contacts, N,", of
residue r. These are estimated from an unrestrained 50 ns of molecular dynamics
simulation (TIP3P explicit solvent, NPT ensemble, 300 K and 1 atm) by selecting
contacts presenting an occurrence in the simulation of 0.8 or more3$4041, Because
our definition of %€ is not compatible with ® values larger than 1, experimental
@ values larger than 1 have been excluded from the dataset used in the simula-
tions. The restrained simulations are carried out by using a total energy®®*°, E, ,
in which a restraining energy term, E,, is added to the conventional force field,
Eg so that the total energy is E, = Eg + OE ., where o is a weighting factor. The
additional term is enforced by minimizing the discrepancy between calculated
and experimental data3$3°

2
Eres = 2 ((DSXP - (Dgalc) 9)

r

Restrained molecular dynamics simulations have been conducted with the
CHARMM program by using the CHARMM?22 force field and an implicit model
of the solvent334941_ All calculations used an atom-based truncation scheme with
alist cutoff of 14 A, a non-bonded cutoff of 12 A, and the Lennard-Jones smooth-
ing function initiated at 10 A34041_ Electrostatic and Lennard-Jones interactions
were force-switched. Covalent bonds were constrained with SHAKE384%41, The
structure calculations consisted of two parts, a preparation part followed by cycles
of simulated annealing. An initial equilibration simulation at 298 K was run,
during which the calculated results were allowed to converge on the experimental
results. This was achieved by gently raising the restraint force constant. The initial
velocities were randomly assigned from a Maxwell-Boltzmann distribution at
298 K. Subsequently, a series of 100 cycles of simulated annealing between 298
and 498 K were carried out to effectively sample the conformational space. Each
cycle was carried out for 150 ps by using an integration step of 1 fs. The first
20 cycles were not considered for the analysis.
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