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Protein domains usually fold without or with only transiently
populated intermediates, possibly to avoid misfolding, which
could result in amyloidogenic disease. Whether observed inter-
mediates are productive and obligatory species on the folding
reaction pathway or dispensable by-products is a matter of
debate. Here, we solved the crystal structure of a small protein
domain, SAP97 PDZ2 1342W C378A, and determined its fold-
ing pathway. The presence of a folding intermediate was dem-
onstrated both by single and double-mixing kinetic experiments
using urea-induced (un)folding as well as ligand-induced fold-
ing. This protein domain was found to fold via a triangular
scheme, where the folding intermediate could be either on- or
off-pathway, depending on the experimental conditions. Fur-
thermore, we found that the intermediate was present at equi-
librium, which is rarely seen in folding reactions of small protein
domains. The folding mechanism observed here illustrates the
roughness and plasticity of the protein folding energy land-
scape, where several routes may be employed to reach the native
state. The results also reconcile the folding mechanisms of top-
ological variants within the PDZ domain family.

The role and even the presence of intermediates in the fold-
ing reactions of protein domains are under constant debate (1,
2). Domains that fold without populated intermediates appear
to have been selected for during evolution, possibly to avoid
misfolding (3). Yet the polymeric nature of proteins implies
their folding energy landscape to be rough (4), and clearly,
intermediates do occur, sometimes as high energy species,
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which can only be indirectly monitored (5-7) but sometimes as
low energy species, which can be observed directly (8 —14). One
problem with studying these intermediates is that they are only
transiently populated and thus difficult to isolate and charac-
terize. A successful strategy to isolate folding intermediates has
been to destabilize the native state by mutation, which works if
the intermediate state is less destabilized by the modification (9,
11, 15, 16). Further, general mechanisms of folding may be
deduced if several members of a protein family are compared,
for example regarding the influence of sequence and topology
on the folding reaction (17-20). We have used this strategy on
the PDZ domain family of proteins (21-24) and demonstrated
that the folding reaction of all members investigated so far
involves an intermediate, which at least in one case is on-path-
way (6), often high energy, but off-pathway and low energy
compared with the denatured state for a circularly permutated
bacterial PDZ domain (25). Here we describe the folding reac-
tion of SAP97 PDZ2 1342W C378A, referred to as pseudo-wild
type PDZ2 (pwPDZ2). A triangular scheme explains the folding
of this pwPDZ2. The intermediate in the scheme is of low
energy and either on- or off-pathway depending on experimen-
tal conditions. The folding reaction of pwPDZ2 thus reflects the
plasticity of the energy landscape for protein folding. We also
discuss how these data reconcile the folding mechanism within
the PDZ domain family, with general implications for the fold-
ing of protein domains.

EXPERIMENTAL PROCEDURES

Expression and Purification—The cDNA used for expression
of the SAP97 PDZ2 domain coded for residues 311-407 in
human SAP97. The construct was cloned into EcoRI/BamHI
sites of a modified pRSET vector (Invitrogen). Mutations
1342W and C378A were introduced in the original construct as
described previously (26). The expressed protein contained an
N-terminal His tag (MHHHHHLVPRGS) in addition to the
1342W/C378A mutations. We have shown previously for other
PDZ domains that the His tag does not affect the binding and
stability of the PDZ domains (22, 26, 27). Mutation 1342W
served as a probe for equilibrium and kinetic experiments, and
Cys®”® was removed to avoid formation of interdomain S-S
bridges.

The SAP97 PDZ2 pseudo-wild type construct expressing an
N-terminal His tag and mutations 1342W and C378A, hereafter
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referred to as pwPDZ2, was used to transform Escherichia coli
BL 21 DE3, pLysS cells. Transformed E. coli cells were selected
by growing cells overnight on agar plates containing ampicillin
(100 pg/ml) and chloramphenicol (35 ug/ml). Colonies from
the agar plate were taken to initiate a 10-ml preculture and then
a 1-liter culture (50 pg/ml ampicillin), each grown at 37 °C.
Protein expression was induced by adding 1 mm isopropyl-g-
thiogalactopyranoside when the Ay, was ~0.4. After induc-
tion, the culture was grown overnight at 30 °C. The cells were
collected by centrifugation (7,000 X g for 10 min) and resus-
pended in buffer (50 mm Tris/HCl, pH 8.5, 400 mm NaCl). The
cells were disrupted by ultrasonication, followed by centrifuga-
tion (35,000 X g) for 1 h. The supernatant thus obtained was
filtered successively through 0.45- and 0.2- wm filters (Sarstedt).
Filtered supernatant was loaded onto a nickel (II)-charged che-
lating Sepharose FF column (GE Healthcare); equilibrated with
50 mm Tris/HCI, pH 8.5, 400 mMm NaCl; and washed with 300 ml
of the same buffer. The bound protein was eluted with 250 mm
imidazole, pH 7.9. The fractions containing the PDZ were
pooled, concentrated, and loaded onto a Q column (GE Health-
care), equilibrated with 50 mm potassium phosphate, pH 7.0.
The protein did not bind to the column and appeared in the

TABLE 1
Data collection and refinement statistics

Data collection statistics
Space group .
Unit cell dimensions (A)
Resolution (A)

P4,22
a=b=4791,c=123.29
29.9-2.0 (2.05-2.00)

R, (%) 7.5(22.2)
Io(l) 31.5 (15.4)
Completeness (%) 96.6 (96.8)
Redundancy 20.4 (20.8)
Refinement statistics
No. of unique reflections (test set) 9802 (516)
Ry Riyee (%) 19.4/23.2
Molecules/asymmetric unit 1
No. of atoms
Protein 738
Other 88
Average B factor
Protein 16.8
Other 23.9
Root mean square deviation from ideality
Bond lengths (A) 0.022
Bond angles (°) 1.69

(

FIGURE 1. Crystal structure of the SAP97 PDZ2 1342W C378A double mutant (pwPDZ2; Protein Data Bank
entry 2x7z). A, ribbon representation of the crystal structure of pwPDZ2. The side chain of Trp
shown at the level of 3.5 o.

all-atom model. B, annealed F, — F. omit map of Trp>*?
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unbound fraction. This unbound fraction was concentrated
and applied onto a C18 reverse phase FPLC column, equili-
brated with buffer A (0.1% trifluoroacetic acid). The bound pro-
tein was eluted at 60% buffer B (100% acetonitrile, 0.01% trifluo-
roacetic acid). The fractions containing the pwPDZ2 were
lyophilized and redissolved in deionized water. The purity of
pwPDZ2 was checked by SDS-PAGE stained with Coomassie
Brilliant Blue. The mass of the purified PDZ domain was con-
firmed by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry. Alternatively, as a last purification
step before crystallization, the Q column flow-through was
loaded onto an S column (GE Healthcare) pre-equilibrated with
50 mM Tris/HCI, pH 8.5. Elution was performed in a gradient
from 0 to 500 mm NaCl in 50 mm Tris/HCI, pH 8.5. Fractions
containing pwPDZ2 were identified by SDS-PAGE. For crystal-
lization, thrombin digestion was carried out to remove the His
tag of pwPDZ2. To remove any remaining His-tagged protein,
the digested sample was passed through nickel (II)-Sepharose
beads in 50 mm Tris/HCI, pH 8.4, 500 mm NaCl. The nonbound
fraction contained the cleaved protein, which was further puri-
fied over a benzamidine column (GE Healthcare) to remove
thrombin. For crystallization purposes the protein was then
concentrated in 20 mm Tris/HCI, pH 8.8, 50 mm NaCl in a
Vivaspin (Vivascience, Sartorius group) concentrator (molecu-
lar mass cut-off, 5,000 Da).

Crystallization and Structure Determination—3 pul of protein
solution (4.5 mg/ml pwPDZ2 without His tag in 20 mm Tris/
HCI, pH 8.8, 50 mm NacCl), and 1 ul of reservoir solution (100
mM Tris/HCI, pH 8.4, 2.4 M ammonium sulfate) were mixed in
a sitting drop vapor diffusion setup. The crystals were observed
after 4 days and grew to a size of 100-300 wm within 2 weeks.
The crystals were transferred to 105 mm Tris/HCI, pH 8.4, 2.52
M ammonium sulfate, 10% (v/v) glycerol and flash frozen in
liquid N,. The data were collected at Beamline I-911-2 at Max-
Lab (Lund, Sweden).

The data for the pwPDZ2 crystals were collected to a resolu-
tion of 1.8 A, but only data up to 2 A resolution contained
enough information for model building. The data were pro-
cessed using the program XDS (28). Phases were obtained by
molecular replacement with the program phaser (29) and the
SAP97 PDZ2 C378G protein structure (Protein Data Bank
entry 2AWU (30)) as a search
model. The model was improved by
cycles of manual model building in
coot (31) and automated refinement
in Refmac version 5.5.0066 (32, 33).
The geometry of the final model was
analyzed using Molprobity (34), and
the figures were drawn using Pymol
(35).

Folding Experiments—Urea-in-
duced equilibrium denaturation ex-
periments were followed on an
SLM 4800 spectrofluorimeter (SLM
Aminco, Urbana, IL). Excitation of
the engineered Trp residue (1342W)
was done at 280 nm, and emission
was monitored at 350 nm. The

342 is shown as
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FIGURE 2. Urea denaturation of pwPDZ2. A, equilibrium denaturation of the pwPDZ2 domain. B, time resolved urea induced unfolding and refolding traces.

The traces were fitted to a double exponential function.

experiments were carried out in 50 mm potassium phosphate,
pH 7.5, at 25 and 37°C. A decrease in Trp emission was
observed upon denaturation, and the transition followed a two-
state behavior. The data were fitted to the standard equation for
solvent denaturation (36).

Kinetic folding and unfolding rate constants were measured
on an SX-20 MV stopped flow spectrometer (upgraded SX-17)
(Applied Photophysics, Leatherhead, UK). For refolding exper-
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iments, 33 uMm protein was dissolved in buffer (50 mm potassium
phosphate, pH 7.5) having 6 M urea. Refolding was initiated by
11-fold dilution of protein in buffer-urea solutions. Unfolding
experiments were done similarly except that protein was dis-
solved in buffer without urea and mixed rapidly with buffer-
urea solutions. Thus, the final concentration of pwPDZ2 was
kept at 3 uM, and the temperature was maintained at either 25
or 37 °C for all of the kinetic measurements. The excitation was
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TABLE 2
Equilibrium parameters obtained in the different experiments

Note that some of the experimental errors are very large (e.g. for the fits from chevron plots, Fig. 3, and for k;, from the ligand induced folding experiment, used to calculate
the A G,_,). The parameters presented here, which are calculated from kinetic parameters, should therefore only be used for a qualitative interpretation. Fitting errors are

shown for the equilibrium data.

Experiment AGp Mp AG, AGp Mp ¢
keal mol™* keal mol ™ *m ™! keal mol™* keal mol™* keal mol™*m™!
Equilibrium 25 °C (Fig. 2) 50x11 1.09 = 0.24
Equilibrium 37 °C (Fig. 2) 33*03 1.26 = 0.12
Chevron 25 °C off-pathway (Fig. 3) 4.1 1.25 0.6 0.7
Chevron 37 °C triangular (Fig. 3) 4.2 175 13 1.1
Ligand-induced folding 37 °C (Fig. 5) 1.8

A oo B

Stopped flow ligand-induced
refolding experiments were per-
formed in 50 mMm potassium phos-
A phate, pH 7.5, at 37 °C with differ-
ent concentrations of peptide
(LQRRRETQV) at a constant con-
centration of pwPDZ2 (3 um). The
binding-induced folding was fol-
lowed by monitoring the change in
fluorescence using the 330-nm
interference filter. (excitation A =
280 nm). The traces thus obtained
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FIGURE 3. Urea dependence of the two observed (un)folding rate constants of pwPDZ2. Time-resolved
folding and unfolding were recorded by fluorescence at 25 (A) and 37 °C (B). At 37 °C the observed rate con-
stants were best described by an on-pathway or triangular scheme, whereas an off-pathway scheme fitted well
at 25 °C. Black line, off-pathway; red line, on-pathway; green line, triangular scheme. See “Experimental Proce-

dures” and “Results” for more details.

done at 280 nm, and the change in fluorescence was monitored
at ~330 nm using an interference filter. To obtain rate con-
stants for the slowest phases, folding kinetics were recorded in
the SLM 4800 spectrometer following manual mixing of pro-
tein-urea and buffer-urea solutions. Here, emission at 350 nm
was monitored. Biphasic kinetics were observed for both
unfolding and refolding reactions, and the two observed rate
constants were fitted to equations derived from a sequential
scenario (on-pathway or off-pathway) (Equation 1) or triangu-
lar scheme (Equation 2).

Ay and A, = {(ky + ki + kip + ko) = SQRT[ (kg + kv + kip
+ ko) — d(kpky + kokin + kokn)11/2  (Eq. 1)
Xy and A, = {(kwo + ki + kip + kon + kv + ko) £ SQRT[ (ko
+ ki + kip + kon + ki + ko> — 4(konkio + Konkin + Konkn
+ knokor + knokio + knokin + kotkin + Kok + kioka) 11/ 2 (Eq.2)

The logarithm of each of the microscopic rate constants in
Equation 1 and 2 was assumed to depend linearly on the urea
concentration.

log k; = log ki'*® + my; [urea] for kyp, kyjand kpp  (Eq.3)
log k; = log ki'*® — my; [urea] for ko, ki and ko, (Eq.4)

See Ref. 37 for more details on folding kinetics.
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were fitted to a single exponential
equation, and the observed rate
constants were plotted against the
peptide concentration. Equation 5
(6) was fitted to the data to estimate
the microscopic rate constant for
the I — N transition (see scheme in
Fig. 6).

[Urea] (M)

kops = kin + knKo/(Kp + [Peptide]) (Eq.5)

K, in Equation 5 is the dissociation constant between the native
conformation and the peptide ligand.

RESULTS

Structure of pwPDZ2—To have a fluorescent probe to meas-
ure folding, we changed Ile*** to Trp. To rule out any major
perturbations of our Trp label on the structure, we solved the
crystal structure of this pwPDZ2 (Protein Data Bank entry
2x7z). The pwPDZ2 crystallized in a new space group, P4,22,
compared with previous SAP97 PDZ2 structures, probably
because of a new contact between residues Trp*** and Pro*®°.
Diffraction data to 2.0 A resolution was collected enabling the
structure to be solved by molecular replacement and refined to
aresolution of 2.0 A. The data collection and refinement statis-
tics are shown in Table 1. The pwPDZ2 protein has the
expected PDZ domain fold (Fig. 1A). Positive difference elec-
tron density for Trp>** was clear after the first refinement cycle
in Refmac (Fig. 1B). Comparison with other available structures
of SAP97 PDZ2 showed that there were no major conforma-
tional changes induced by the I342W mutation. Most of the
small differences observed can be explained by crystal packing
effects or increased flexibility of a specific region. These regions
concern among others the carboxylate-binding loop where the
electron density is poor. The high similarity of the crystal struc-
ture of pwPDZ2 to the structure of the same protein without

VOLUME 285+-NUMBER 23+JUNE 4, 2010



the 1342W mutation (30, 38) and their similar stabilities (26)
validate its use as a pseudo-wild type protein for folding studies.

Because the pwPDZ2 was crystallized without peptide, the
structure was expected to be similar to other peptide-free struc-
tures and slightly different from peptide-bound structures
because a conformational change was observed upon peptide
binding (30, 38). These conformational differences were indeed
observed when comparing the mutant protein structure to the
SAP97 PDZ2 protein in complex with the HPV18 E6 C-termi-
nal peptide (Protein Data Bank entry 2I0L) (39). Interestingly,
the pwPDZ2 structure was similar to the structures of SAP97
PDZ2 with GluR-A C-terminal peptide bound (Protein Data
Bank entries 2AWW and 2G2L), whereas it was different from
the two apo structures (Protein Data Bank entry 2AWU and
2AWX) (30). Unfortunately, with resolution ranging from 1.8
to 2.44A, R, from 18 to 24.2%, and Ry, values between 25.4
and 32.6%, it appears difficult to make any definite statements
about small conformational differences between the different
structures of SAP97 PDZ2 (40).

The salt bridge between residues Lys®** and Asp®”® that was
described for the unliganded SAP97 PDZ2 domain (30) was not
observed in the pwPDZ2 structure. Instead, Lys*** forms
H-bonding interactions with the Thr*** side chain and the car-
bonyl oxygen of Thr®***, These interactions were described for
the liganded form of SAP97 PDZ2 by von Ossowski et al. (30).

Folding Kinetics of pwPDZ2—Urea-induced unfolding of
pwPDZ2 was followed by the fluorescence of the engineered
tryptophan residue, 1342W. The experiments were conducted
in such a way that the concentration of protein was kept con-
stant (3 uMm) at varying urea concentrations. At equilibrium, we
have shown that the wild type and pwPDZ2 were stable and
folded under the experimental conditions (26). Here we
repeated these equilibrium denaturation experiments to obtain
data at both 25 and 37 °C (Fig. 24 and Table 2).

The unfolding and refolding kinetic experiments were con-
ducted in 50 mm potassium phosphate at 25 and 37 °C. Both the
refolding and unfolding time courses were biphasic at all con-
centrations of urea (Fig. 2B). Chevron plots, which are semi-
logarithmic plots of observed rate constants (refolding/unfold-
ing) as a function of denaturant (urea) concentration are shown
in Fig. 3. When double exponential (un)folding is observed
there are, in the simplest case, three reaction schemes that may
be consistent with the data (8). These three scenarios are (i) a
two-step folding with an on-pathway intermediate, (ii) a two-
step folding with an off-pathway intermediate (both scenarios
are fitted with Equation 1), and (iii) a triangular scheme where
the intermediate is on-pathway but where direct formation of
the native state from the denatured state is also possible (Equa-
tion 2). It is clear from Fig. 3 that the urea dependence of the
slow phase is different at the two temperatures, and in theory
the three different scenarios could be distinguished based on
the urea dependence of the two rate constants (8, 9, 37, 41).
Whereas the kinetics are best described by a scheme with an
off-pathway intermediate at 25 °C, a parallel scheme or an on-
pathway scenario fit data best at 37 °C (Fig. 3 and Table 3). In
other words, these data suggest that the intermediate switches
between being on- and off-pathway depending on the experi-
mental temperature. The fitted rate constants in Table 3 are in

324 396
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FIGURE 4. Interrupted refolding experiments. A, example of experimental
traces at short and long delay times at 37 °C. Amplitudes of the traces were
plotted against delay time at 25 (B) and 37 °C (C). Briefly, acid denatured pro-
teinin 10 mm sodium formate was mixed with a buffer-urea solution to a final
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good agreement with stability measurements at equilibrium
(Table 2), but single-jump kinetics alone is not sufficient to
conclusively settle on this mechanism.

To investigate the formation of the intermediate in more
detail, we performed double mixing experiments in the stopped
flow spectrometer. Acid-urea denatured pwPDZ2 was first
mixed with buffer-urea to induce refolding at 1 m urea. Then
after different delay times, the refolding reaction was inter-
rupted by mixing with urea to a final concentration of 5.5 M, and
the resulting biphasic unfolding trace was monitored by fluo-
rescence (Fig. 44). The amplitude of the respective phase was
plotted against delay time (Fig. 4, Band C). The amplitude of the
fast phase (red) reflects formation of the intermediate, and
the amplitude of the slow phase (blue) reflects formation of the
native state during the delay time (42, 43). An on-pathway sce-
nario would predict the native state to form in a single expo-
nential reaction, with an initial lag phase (9). However, because
the native state forms in a biphasic manner, it shows that the
intermediate is off-pathway (or present in a triangular scheme)
both at 25 and 37 °C. An extensive discussion about the differ-
ences between the two mechanisms may be found in Refs. 37
and 43. Together with single-jump data, we can thus conclude
that the native state is formed mainly through a direct D — N
transition at 25 °C (with I being off-pathway) but that the | =N
route is opened up at 37 °C.

Furthermore, because the intermediate phase is not disap-
pearing at long delay times, it is clear that the intermediate is
populated at equilibrium. The rate constants obtained from
fitting a double exponential function to the amplitude versus
delay time plots agree well with those from the chevron plots
(Fig. 3 and Table 4). From the microscopic rate constants, it can
be calculated that roughly 10% of the PDZ2 molecules are in the
intermediate form at 37 °C.

Finally, the presence of the intermediate at equilibrium was
corroborated by a ligand-induced folding experiment. pwPDZ2
was mixed with a peptide ligand, and the change in fluorescence
was monitored with time. Careful analysis of the binding trace
revealed that except for the previously characterized fast bind-
ing phases (26), there was a very slow phase present, which was
plotted against ligand concentration (Fig. 5). Both the rate con-
stant and the amplitude of this slow phase displayed a depen-
dence on ligand concentration, which is consistent with a
ligand-induced folding reaction (i.e. a slow folding event fol-
lowed by a faster bimolecular binding reaction, which leads to a
decrease of k,,,, with increasing peptide ligand concentration).
The reason that the amplitude changes sign is that the fluores-
cence yield of the intermediate is slightly different from that of
the native state as well as that of the peptide-bound native state.
Qualitatively, at low peptide concentration the amplitude of the

concentration of 1 m urea in 50 mm potassium phosphate, pH 7.5. After a
certain delay time (plotted on the x axis), the refolding reaction was subjected
to a second buffer jump to a final concentration of 4.5 m urea in 50 mm potas-
sium phosphate, pH 7.5. The resulting unfolding traces were fitted to a double
exponential function with shared rate constants at the respective tempera-
ture (0.33 and 0.12 s~ " at 37 °C and 0.063 and 0.016 s~ ' at 25 °C). The two
amplitudes thus obtained were plotted against the delay time. These data
were in turn fitted to a double exponential function (solid lines). See Table 4
for best fit parameters.
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TABLE 4
Best fit parameters from interrupted refolding experiments (Fig. 4)
Also shown is a comparison with observed rate constants from the single jump experiments in Fig. 3.

Single jump at 1 M

Experiment/ Double jump experiment urea
phase
Kops1 Amplitude 1 Kopso Amplitude 2 Kops1 Kopso
s st 57! 57!
37 °C slow phase 0.77 = 0.16 0.84 = 0.12 0.090 *+ 0.013 1.14 + 0.12 0.91 0.095
37 °C fast phase 0.77¢ 1.26 = 0.19 0.090" 0.77 = 0.21
25 °C slow phase 0.60 = 0.30 1.1 03 0.045 *= 0.013 1.9+0.3 0.43 0.049
25 °C fast phase 0.60¢ 0.61 = 0.15 0.045% 0.03 = 0.17

“ The amplitude of the fast phase from the double jump experiment yields large fitting errors upon free fitting. Therefore the rate constants obtained from free fitting of the slow
phases were used to constrain the fitting of the amplitudes from the fast phase.
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FIGURE 5. Ligand-binding induced folding experiment. A, experimental traces at 0, 5, and 40 um peptide (LQRRRETQV). The initial “burst phase” is the previously
characterized binding of peptide to the native state (26). B, observed rate constants for the ligand-induced folding phase decreased as a function of peptide
concentration consistent with a slow folding step followed by a rapid bimolecular association (6, 36). C, the amplitudes for the ligand-induced folding phase switch
from negative to positive, which is consistent with the proposed mechanism if the fluorescence of the intermediate is at least 10% higher than that of the native state.

binding of peptide to the native state. At higher peptide con-
centration, the equilibrium is shifted such that all intermediate
is reacting to the peptide-bound native state with a resulting

coupled folding and binding phase is negative because the

decrease in fluorescence upon conversion of the intermediate

to native dominates over the increase in fluorescence from
2y

asEY
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FIGURE 6. Triangular scheme describing the folding reaction of pwPDZ2.
The intermediate in the folding reaction of pwPDZ2 can be either on- or
off-pathway, depending on the experimental conditions. A triangular
scheme reconciles all of the experimental data on SAP97 PDZ2 as well as
those of other members of the PDZ domain family.

increase in fluorescence upon binding. The rate constant esti-
mated for the I — N transition in the ligand binding-induced
folding experiment, 0.16 = 0.03 s ' (Fig. 5B), is in good agree-
ment with that obtained from fitting of the triangular scheme to
observed rate constants for (un)folding, 0.11 = 0.06 s~ ' (Fig. 3B
and Table 3). The errors in relative populations and fitted rate
constants are too large to accurately determine fluorescence
yields of the intermediate relative to the native state. We can
say, however, that they are fairly similar, which is consistent
with data if the fluorescence yield of the intermediate is at least
10% higher than that of the native state. Note that although the
kinetic amplitudes were small in this experiment (Fig. 5, A and
C), the accuracy is very high because (i) k., approaches a first
order rate constant (0.16 s~ ) at high peptide ligand concentra-
tion and (ii) the signal-to-noise is high for the kinetic traces
(Fig. 5A).

DISCUSSION

The polymeric nature of proteins implies that their folding
energy landscapes should be rough. A corollary of such rough-
ness is that folding may involve alternative routes when going
from the denatured to the native state. Thus, intermediates are
not necessarily obligatory species but rather kinetic traps aris-
ing from the ruggedness of the folding landscape. Implicit in
this view is the notion of plasticity of the folding trajectory:
proteins can be rerouted through the energy landscape by
mutational, topological, solvent, or other perturbations.
Indeed, in the present work we report parallel folding pathways
in pwPDZ2 and observe that the flux through the respective
path (Fig. 6) can be modulated by temperature. The intermedi-
ate may be mainly off-pathway as observed at 25 °C or follow a
triangular scheme where the intermediate is now on-pathway
through the opening of a route from I to N (at 37 °C).

It is of interest to compare the folding pathway of pwPDZ2
with other previously characterized PDZ domains. We have
studied the folding pathways of a number of PDZ domains (6,
21-25, 44). In fact, none of the PDZs characterized thus far fold
in a pure two-state manner. The canonical (mammalian) pro-
teins typically fold via a high energy intermediate (22) and
through a structurally conserved second transition state (21).
On the other hand, in the folding reaction of a circularly per-
mutated bacterial PDZ domain, a low energy off-pathway inter-
mediate is present (25). In light of these previous data, the fold-
ing of the SAP97 PDZ2 domain may be viewed as a missing link
between these two extreme folding pathways and reconciles

18058 JOURNAL OF BIOLOGICAL CHEMISTRY

apparently contrasting results. Because energy landscapes are
funneled, folding may occur via alternative folding nuclei (45,
46). When and if the forces stabilizing such nuclei are balanced,
as in the case of pwPDZ2, small perturbations of reaction con-
ditions may result in rerouting through an alternative folding
pathway.

Both the single-jump unfolding kinetics (Figs. 2 and 3) and
the double-jump experiment (Fig. 4) suggest that the interme-
diate is present at equilibrium and making up roughly 10% of
the total protein. The presence of such a high energy species
suggests that SAP97 PDZ2 displays conformational sampling
(47). However, the interconversion between the states is slow,
and as shown by the ligand binding experiment in Fig. 5, the
peptide ligand binds only to the more stable ground state and is
not a ligand for the intermediate state. It therefore remains to
be shown whether the intermediate plays any functional role by
binding to a yet unidentified ligand or whether it is only there as
a benign species, which is neither deleterious nor beneficial for
the physiological function of SAP97.
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