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Abstract

Correct protein folding underlies all cellular functions. While there are detailed descriptions and a good
understanding of protein folding pathways for single globular domains there is a paucity of quantitative
data regarding folding of multidomain proteins. We have here investigated the folding of a three-
domain supramodule from the protein PSD-95, consisting of one PDZ domain, one SH3 domain and
one guanylate kinase-like (GK) domain. This supramodule has previously been shown to work as one
functional unit with regard to ligand binding. We used equilibrium and kinetic folding experiments to
demonstrate that the PDZ domain folds faster and independently from the SH3-GK tandem, which folds
as one cooperative unit. However, concurrent folding of the PDZ domain slows down folding of SH3-GK
by non-native interactions, resulting in an off-pathway folding intermediate. Our data contribute to an
emerging description of multidomain protein folding in which individual domains cannot a priori be viewed
as separate folding units.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Folding of polypeptides into well-defined tertiary
structures, defined by the amino acid sequence,
has been an area of intense studies ever since
the ground-breaking work of Anfinsen in the early
19600s. Since then, a combination of experiment
and computational chemistry has provided a good
understanding of folding of protein domains.
However, whilst our knowledge about the folding
of single protein domains is well established,1–3

many proteins consist of multiple domains and fold-
ing studies of such multi-domain proteins are sur-
prisingly scarce. It has been shown that domains
fold one by one as they emerge from the ribosome
and it appears as if codon usage has been selected
to slow down translation of linker regions, to allow
or(s). Published by Elsevier Ltd.This is an op
nascent domains to fold before the next one is
synthesized.4 Yet, many small protein domains
(50–150 residues) are marginally stable (a few kcal
mol�1)5,6 and may therefore unfold and refold con-
tinuously after translation. For example, a typical
stability of 3 kcal mol�1 would correspond approxi-
mately to 0.5% population of the denatured state.
A protein domain is generally defined as a stable

sub-structure that is capable to fold independently
of the remainder of the protein.7 Consequently,
there is the implicit assumption that, within the same
protein, domains affect their respective folding only
marginally. Thus, the folding of protein domains in
isolation is generally expected to resemble closely
what is observed in the context of a multidomain
system. Nevertheless, experience suggests that
not all protein domains may be successfully
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expressed in isolation nor necessarily behave as
independent cooperative folding units, posing the
definition of protein domain as somewhat more
complex. Only a few studies have directly
addressed these questions and protein domains
seem to display different behavior.8–13 In fact, while
in some cases adjacent domains do not affect the
folding pathway much,14 in other cases, transient
misfolding has been observed,15–19 which can be
avoided by co-translational folding,20,21 but is still
an intriguing finding, which stimulates additional
research.
In the present work we investigated the folding of

a three-domain supramodule from the protein PSD-
95 using equilibrium and kinetic experiments. The
supramodule, which displays interdomain effects
on ligand binding22,23 contains one PDZ, one SH3
and one guanylate kinase like (GK) domain. While
equilibrium data showed that the PDZ domain folds
independently, the SH3-GK tandem behaves as a
single cooperative unit. This is noteworthy, since
the SH3 domain is an archetypical protein domain,
which has been shown to fold cooperatively in mul-
tiple studies.24–28 Furthermore, we demonstrate
that the unfolded PDZ domain can slow down
SH3GK folding by stabilizing a transient intermedi-
ate, forming a misfolded kinetic trap. Thus, our work
pinpoints the non-trivial cooperative folding interac-
tions that may be established by protein domains,
as exemplified by the SH3GK supramodule, while
also addressing possible misfolding events occur-
ring when several contiguous domains are dena-
tured. On the basis of our data, we discuss some
considerations pertaining to folding of multidomain
proteins in the physiological cellular environment.
Results

We used four different protein constructs
to dissect the folding of the PSG supramodule:
Figure 1. Structure and topology of the PDZ3-SH3-GK
three domains from PSD-95 PSG. The structure of PDZ3
construct; from left to right: PDZ3 (red), SH3 (cyan) and G
314 W (PDZ3) and 5YPR (SH3GK). (B) Schematic topology
and PDZ3 used in our unfolding and refolding experiments. N
in spheres in the structure. These residues contribute to
experiments.

2

wild-type PSG (denoted PSG WT), PSG WT with
a Phe ? Trp substitution at position 337 (PSG),
the SH3-GK tandem (SH3GK) and PDZ3 with the
engineered Trp337 (PDZ3) (Figure 1). The
SH3GK tandem contains five Trp residues, two in
the SH3 domain, two in the linker between SH3
and GK and one in the GK domain. These Trp
residues together with Trp337 in PDZ3 were used
to monitor folding using fluorescence. In parallel
we used circular dichroism (CD) to monitor
secondary structure. The combination of CD and
fluorescence spectroscopy (with and without the
Phe337 ? Trp substitution) allowed us to deduce
the folding mechanism for the PSG supramodule.
Equilibrium experiments demonstrate that

PDZ3 and SH3GK fold independently in the
context of PSG. First, we performed guanidinium
chloride (GdnCl) induced unfolding experiments
with PSG at equilibrium and at different pH values
(Figure 2(A)) and different initial ionic strength
(Figure 2(B)), respectively. CD-monitored
experiments between pH 2.0–9.5 displayed two
distinct unfolding transitions with GdnCl midpoints
of approximately 1.7 M and 2.9 M, respectively, at
neutral and basic pH values. This behavior was
consistent over several replicates at different NaCl
concentrations (Figure 2(B)). At low pH (3.5) the
unfolding displayed two transitions but the profile
was different from that at higher pH values
(Figure 2(A)). In order to assign the respective
transition to the domains of PSG, we performed
similar GdnCl-induced unfolding experiments for
PSG WT, SH3GK and PDZ3 (Figure 3(A)). The
data of PSG WT were identical to those of PSG,
showing that Phe337Trp does not change the
equilibrium unfolding.
Next, we compared the folding of PSG with

SH3GK and PDZ3. The GdnCl midpoints as well
as the mD-N values suggested that the transition at
1.7 M is due to SH3GK (un)folding and the
(PSG) supramodule from PSD-95. (A) Structures of the
was solved in isolation whereas SH3GK is a tandem
K (grey). Protein data bank (PDB) accession numbers:
diagram of the four constructs: PSG, PSG WT, SH3GK,
umber and positions of Trp (W) residues are highlighted
the fluorescence signal in the equilibrium and kinetic



Figure 2. Equilibrium (un)folding of PSG is pH dependent, but independent of NaCl concentration. The
equilibrium unfolding of PSG was monitored by circular dichroism at 222 nm as a function of GdnCl concentration.
Experiments were performed at different pH values at a constant ionic strength (A) or at different NaCl concentrations
at a constant pH (B). Experiments were performed at 25 �C. (A) The following buffers (50 mM) were used at the
respective pH value: pH 2.0 (sodium phosphate), pH 3.0 (sodium formate), pH 3.5 (sodium formate), pH 5.5 (sodium
acetate), pH 6.0 (Bis-Tris), pH 7.5 (sodium phosphate), pH 8.5 (Tris) and pH 9.5 (CHES). The ionic strength in
absence of GdnCl was adjusted to 150 mM using NaCl. (B) Experiments were performed in 50 mM Tris, pH 8.5, and
the ionic strength in absence of GdnCl was adjusted to 50, 150, 250, 450, 750 and 1000 mM using NaCl. 1 mM TCEP
was added to all samples.
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transition at 2.9 M corresponds to (un)folding of
PDZ3. The mD-N value is obtained from the slope
of the transition and is related to the change in
solvent accessible surface area upon unfolding.
Thus, it correlates well with size for globular
3

domains. Accordingly, the transition at 1.7 M
should be associated with the higher mD-N value of
the SH3GK tandem as compared to the smaller
mD-N value of the PDZ3 domain, which unfolds
around 2.9 M. Quantitative analysis of a two-step



Figure 3. Sequential unfolding of SH3-GK and PDZ3 domains in PSG at neutral pH. GdnCl-induced unfolding
in 50 mM sodium phosphate, pH 7.5, of PSG WT, PSG, SH3GK and PDZ3, respectively. The unfolding was
monitored by (A) circular dichroism at 222 nm and (B) fluorescence emission at 340 nm (excitation at 280 nm).
Parameters from the curve fitting (mD-N, [GdnCl]50% and DGD-N) are given in Supplementary Table S1.
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unfolding is challenging, and themD-N values for the
two transitions in PSG unfolding are determined
with large errors (Supplementary Table S1).
Nonetheless, the fitted parameters were overall
consistent with our interpretation: mD-N values for
SH3GK in PSG and PSG WT (7.7 kcal mol�1

M�1) agreed well with that from the SH3GK
tandem (7.6 kcal mol�1 M�1). The mD-N value for
PDZ3 in PSG and PSG WT was 1.3 kcal mol�1
4

M�1, whereas PDZ3 displayed an mD-N value of
2.9 kcal mol�1 M�1. This discrepancy is
reasonable given the relatively small transition
associated with PDZ3 unfolding in the context of
PSG. These numbers are also consistent with the
respective size of PDZ3 (93 residues,
2.8 kcal mol�1 M�1) and SH3GK (305 residues,
10 kcal mol�1 M�1) as calculated by an empirical
equation, which is based on experimental data29
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and the earlier notion thatmD-N values correlate with
change in solvent-accessible surface area upon
(un)folding.30 Furthermore, since CD measures
secondary structure content, we can directly com-
pare the amplitudes of the transitions for the
SH3GK tandem and PDZ3 domain with the corre-
sponding transitions in PSG. Indeed, these ampli-
tudes correlate well (Figure 3(A)) and are thus
consistent with the conclusion based onGdnCl mid-
points and mD-N values.
We then monitored the equilibrium unfolding

using fluorescence, which usually reports on loss
of tertiary structure. While the large number of
Trps, five in SH3GK and PSG WT, and six in
PSG, could complicate the analysis, the overall
fluorescence intensity decreased upon unfolding,
over the entire GdnCl range (Figure S1). The
fluorescence intensity at 340 nm, where a large
change in fluorescence upon denaturation was
observed, was plotted versus GdnCl concentration
(Figure 3(B)). Midpoints and mD-N values for the
transitions were consistent with the CD data
(Supplementary Table S1). Note that the
amplitudes of the fluorescence data cannot be
directly compared between the four constructs.
Importantly, the transition around 2.9 M was
present for PSG (with Trp337 in PDZ3) but not for
PSG WT (with Phe337) corroborating that this
transition is associated with PDZ3 (un)folding.
To further investigate the equilibrium unfolding we

performed CD-monitored GdnCl denaturation
experiments at lower pH values (2.5–3.5). While
the total difference in secondary structure content
upon unfolding was similar at low and high pH, the
profile of the GdnCl denaturation changed
(Figure 2(B)). Based on a set of experiments at
low pH, similar to that performed at high pH
(Figure 2(B) and Figure 4) we found that PDZ3 is
destabilized by low pH (in agreement with earlier
results) but that SH3GK is stabilized. This resulted
in overlapping transitions for PDZ3 and SH3GK in
the context of PSG, making a quantitative analysis
challenging. However, a cooperative unfolding of
the entire PSG would result in a sharp transition
and a large mD-N value. Thus, the relatively
extended unfolding transition at low pH is
consistent with two (or more) independent and
partially overlapping unfolding transitions,
suggesting that PDZ3 and SH3GK fold as
independent units at low pH as well as at high pH.
Kinetic experiments reveal the presence of an

off-pathway intermediate in SH3GK folding. The
equilibrium experiments demonstrated independent
folding of PDZ3 and SH3GK but such data cannot
deduce any further details of the mechanism. In
an attempt to learn more about the mechanism we
performed kinetic folding and unfolding
experiments. In agreement with our previous
studies, the folding kinetics of PDZ3 followed a
two-state mechanism at neutral pH, corresponding
to an equilibrium between the denatured and the
5

folded states without any detectable
intermediates. Thus, kinetic folding transients
were well described by single exponential kinetics
and the GdnCl dependence of the observed rate
constant (kobs) followed a V-shaped so-called
chevron plot (Figure S2, Figure 5(A)). The left arm
of the chevron plot corresponds to the folding rate
constant (kf), which decreases linearly with
increasing GdnCl concentration, whereas the right
arm corresponds to the unfolding rate constant
(ku), which increases linearly with increasing
GdnCl concentration, consistent with two-state
folding. The SH3GK tandem, on the other hand,
displayed more complex kinetics. While unfolding
kinetic transients were single exponential, the
refolding kinetics were clearly bi-exponential
(Figure S2) up to approximately 1.1 M GdnCl,
where the two phases merge. Due to the complex
kinetics, we cannot establish unequivocally what
the respective phase corresponds to, but the slow
phase might be due to cis-trans proline
isomerization. Thus, the faster of the two phases
is considered the main folding phase. The kobs
values for SH3GK followed a chevron plot with
deviation from linearity (“rollovers”) in both the
refolding and unfolding arm (Figure 5(B)). The
rollover in the unfolding arm (at high [GdnCl]) can
be interpreted in terms of a high energy
intermediate and a change in rate limiting step
involving the two transition states surrounding the
intermediate. An alternative explanation is a broad
transition state barrier, with movement of the top
of the barrier according to Hammond behavior.31–
33 Experimentally, it is practically impossible to dis-
tinguish these two models, since they predict very
similar dependence of the observed rate constants
on denaturant concentration. Turning to the rollover
in the refolding arm (at low [GdnCl]), this also sug-
gests the presence of an intermediate. The forma-
tion of an intermediate was corroborated by
analysis of amplitudes and endpoints of the kinetic
transients (Figure S3). While the amplitudes from
unfolding kinetic transients corresponded well to
the expected ones, the amplitudes from refolding
kinetics were smaller than expected based on the
observed change in endpoint fluorescence in the
experiment. Such “loss of amplitude” is consistent
with fast formation of an intermediate occurring in
the dead time of the experiment, i.e., faster than
the mixing of solutions in the stopped-flow instru-
ment. However, whether this is a productive on-
pathway intermediate between the denatured and
the native state, or an off-pathway species could
not be deduced from the kinetic data.
Next, we performed similar kinetic folding

experiments with PSG WT. The kinetic transients
for PSG WT were relatively well described by a
single exponential function, although the residuals
show a trend (Figure S2). However, the difference
in magnitude of the two rate constants obtained
from fitting a double exponential to the transients



Figure 4. Equilibrium unfolding at low pH. GdnCl-induced unfolding in 50 mM sodium formate, pH 3.5, of PSG
WT, PSG, SH3GK and PDZ3, respectively. The unfolding was monitored by (A) circular dichroism at 222 nm and (B)
fluorescence emission at 340 nm (excitation at 280 nm).
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was only 2–3 fold, which is not enough for a reliable
curve fitting. The observed rate constants for PSG
WT were identical to those of SH3GK in the
unfolding arm (Figure 5(B)). However, the kobs
values in the refolding arm (from a single
exponential fit) follow a distinct pattern. In fact,
between 0–1 M GdnCl the kobs values for PSG
WT increase with increasing GdnCl concentration,
6

a kinetic signature of an off-pathway intermediate.
Like for SH3GK, there is a loss of amplitude in the
kinetic transients consistent with formation of a
folding intermediate.
Finally, we performed kinetic refolding and

unfolding experiments with PSG, i.e., with a
Trp337 in PDZ3. Now, the kinetic transients were
clearly biphasic (Figure S2) thus reporting directly



Figure 5. Unfolding and refolding kinetics of PDZ3, SH3GK PSG WT and PSG. Refolding was performed by
mixing protein from an initial GdnCl concentration of 4.5 M into lower buffer-GdnCl concentrations. Unfolding was
performed by mixing protein in buffer with buffers containing GdnCl at different concentrations. (A) PDZ3, (B) SH3GK
and PSG WT (no Trp in PDZ3) and (C) PSG (with Trp337 in PDZ3). The experiments were performed at 25 �C in
50 mM sodium phosphate, pH 7.5, 1 mM TCEP. Data for PDZ3 were fitted to Eq. (3) (parameters are shown in
Supplementary Table S2) and data for SH3GK, PSG WT and PSG to Eq. (4).
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on a two-step (three state) folding reaction. The
observed rate constants yielded two chevrons,
one similar to that of PSG WT and one similar to
that of PDZ3 (Figure 5(C)). The data points at 1–
2 M GdnCl for the fast phase displayed a peculiar
behavior that we cannot explain, and which is
likely due to an artefact from low kinetic
amplitudes (Figure S3(D)). The observed rate
constants from the slow phase displayed a similar
behavior to that of PSG WT, with a clearly positive
slope of kobs versus GdnCl concentration, and with
a loss of amplitude in the kinetic transients,
suggesting accumulation of an off-pathway
7

intermediate during refolding under native-like
conditions.
As a control, we performed refolding experiments

at different protein concentrations for both SH3GK
and PSG to rule out that the rollover in the
refolding arm was due to transient aggregation
(Figure S4).
Refolding rate constants suggest that

unfolded PDZ3 traps an intermediate of the
SH3GK tandem. The data presented in Figure 5
suggested that an intermediate accumulates
during refolding of SH3GK, and that the formation
of this intermediate is affected by the concurrent
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refolding of PDZ3. To corroborate this hypothesis,
we took advantage of the fact that PDZ3 displays
a higher GdnCl unfolding midpoint than SH3GK.
At [GdnCl] = 4.5 M, both PDZ3 and SH3GK are
unfolded. However, at [GdnCl] = 2 M, PDZ3
remains folded but SH3GK is partially unfolded.
Thus, by performing refolding experiments from
2 M GdnCl we were able to monitor folding of
SH3GK in the presence of a folded PDZ3 domain.
It was clear from these experiments that the
refolding of PSG adjacent to a folded PDZ3
domain shows a similar behavior as refolding of
SH3GK without the PDZ3 domain (Figure 6). We
can therefore conclude that the concurrent
refolding of PDZ3 slows down the refolding of
SH3GK, via an inter-domain interaction between
non-native states.
A folding pathway consistent with all data involves

rapid formation of an intermediate from SH3GK
(Figure 7). This intermediate folds into the native
structure with an observed rate constant following
the slow kinetic phase (Figure 5(B)–(D)). In the
presence of unfolded PDZ3, which occurs when
PSG is refolded from 4.5 M GdnCl, the denatured
state of PDZ3 will interact with and trap the
SH3GK intermediate to form an off-pathway
Figure 6. Concurrent PDZ3 folding slows down refo
different initial conditions, 4.5 M and 2 M GdnCl, respectively
in lower refolding rate constants for PSG and a clear positi
refolding from 2 M GdnCl where PDZ3 is in its native state
SH3GK tandem domain without PDZ3. The latter scenario
possibly due to cis-trans Pro isomerization. The experiments
pH 7.5, 1 mM TCEP.

8

intermediate and slow down refolding to the native
state. Note that we have depicted the SH3GK
intermediate as an off-pathway species, but,
based on the kinetic data, we cannot distinguish
whether it is on- or off-pathway.
Discussion

There is a general assumption based on the
inherent definition of a protein domain that, within
a protein, individual domains represent self-
stabilizing units, capable to fold cooperatively
whether or not other domains are present.
Nevertheless, due to the complexity of the
thermodynamics and kinetics of multidomain
systems, the experimental evidence supporting
this postulation is still surprisingly limited. Among
multidomain systems, it is of particular interest to
explore those cases of supertertiary structure in
which different protein domains are closely linked
in function, displaying features that have been
classically associated to so-called supramodules
and where independent folding of the individual
domains is not obvious. By following these
premises, the experimental work reported in this
study are particularly instructive. In fact, whilst the
lding of SH3GK. Refolding of PSG was started from
. Refolding from the fully denatured state (4.5 M) resulted
ve slope at GdnCl concentrations below 1 M. However,
yielded rate constants, which behaved like those of the
includes two kinetic phases of which the slower one is
were performed at 25 �C in 50 mM sodium phosphate,



Figure 7. A model for folding of PSG. The supramodule PSG from the protein PSD-95 consists of three domains:
PDZ3, SH3 and GK. PSG contains two units, which fold independently: PDZ3 and the SH3GK tandem. The folding of
SH3GK involves a fast forming “burst phase” intermediate SH3GKI, which may be on- or off-pathway to the native
state. Unfolded PDZ3D interacts intramolecularly with SH3GKI to form an off-pathway intermediate PDZ3I-SH3GKI.
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PDZ domain appears to fold independently from the
reminder of the protein, the SH3 and GK domains
fold and unfold as a single cooperative unit as
shown by the high mD-N value (7–8 kcal mol�1

M�1). In the case of the whole PSG supramodule,
this behavior is clearly very robust and is
maintained at different experimental conditions
such as low and high pH.
As mentioned in the introduction, a problem of

interest lies in understanding the capability of
protein domains to fold and function efficiently in
isolation. In fact, whilst countless examples
demonstrate that many domains behave as robust
functional and structural units, it is also very
common to observe different behaviors with other
domains expressing poorly and/or displaying a
very low thermodynamic stability. In these cases,
it may be assumed that the architecture of the
multidomain protein is essential to stabilize each
distinct domain. For example, the folding
pathways of different PDZ and SH3 domains have
been previously successfully described, showing
that in several cases both these type of domains
may behave as independent folding units. In this
context, the results provided in this work allow the
description of an additional behavior. In fact, in the
case of PSG folding, the SH3 and GK are
intimately linked. Remarkably, these two domains
fold and unfold as a single cooperative unit, as
mirrored by the high mD-N value, which is
consistent with the size of the SH3GK tandem and
robust to changes in experimental conditions. On
the basis of these observations, it may be
concluded that, in the case of PSG, the SG
supramodule behaves as a single protein domain.
A similar behavior was previously observed for a
speficic type of multidomain protein, namely
tandem repeats.34 Our findings on the PSG
supramodule together with previous data suggest
that general rules assuming protein domains as
independent folding units are unlikely and rein-
forces the importance to study directly the folding
of multidomain proteins.
It is of interest to analyze the kinetic role of the

different intermediates observed in the folding of
PSG. The simplest scenario consistent with the
observed equilibrium and kinetic data is depicted
in Figure 7. In summary, focusing on the SH3-GK
9

tandem, it may be noted that its folding displays
two intermediates: one high energy intermediate
occurring late on the folding pathway and one
lower energy intermediate occurring earlier.
Interestingly, the data reveal that the low energy
intermediate is prone to interact with the unfolded,
but not folded, PDZ3 domain. Interaction with
unfolded PDZ3 results in stabilization of the
SH3GK intermediate into a new off-pathway
misfolded species (Figure 7). To get to the native
state, this relatively stable off-pathway
intermediate must unfold, resulting in an overall
slowing down of the folding of native PSG.
The cooperative transitions typically observed in

the folding of single protein domains strongly
suggest that proteins have evolved to conform to
an all-or-none type of folding reaction, avoiding
the accumulation of intermediates, which could
lead to aggregation and dysfunction. In addition,
there is likely a trade-off between folding efficiency
and function such that a perfectly smooth energy
landscape is rarely seen.35–37 While the modular
nature of proteins allows for stepwise folding of
domains as they emerge from the ribosome, the
individual domains are often marginally stable such
that they unfold and fold reversibly. It is hypothe-
sized that sequential folding of domains as they
emerge from the ribosome allows for expression
of multidomain proteins while avoiding misfolding
and aggregation. Based on these considerations,
it is worth noticing how the inherent stability of the
PDZ3 domain is particularly high compared to other
characterized PDZ domains.38,39 In fact, by consid-
ering that transient denaturation of PDZ3 may lead
to a misfolding event of the SH3GK module, it is
tempting to speculate that the high thermodynamic
stability of this PDZ domain is under positive selec-
tion to circumvent dysfunction and aggregation.
Future work on different multidomain proteins will
further test this speculation.

Methods

Protein expression and purification. Wild-type
PSD-95 PDZ3-SH3-GK (residues 309–724 of PSD-
95, denoted PSG WT), wild-type SH3GK tandem
domain (residues 419–724), pseudo wild-type
PSG (with a Phe337 ? Trp substitution in the
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PDZ3 domain, denoted PSG) and pseudo wild-type
PDZ3 with the Phe337Trp mutation (residues, 309–
401, denoted PDZ3) were expressed and purified
as described previously.22 Briefly, a pRSET A plas-
mid encoding the proteins were transformed into
Escherichia coli BL21(DE3) pLys cells (Invitrogen).
Cells were first grown in LB medium at 37 �C in a
rotary shaker. Over-expression of protein was
induced with 1 mM isopropyl-b-D-1-thiogalactopyra
noside at OD600 of 0.6–0.8, and the cells were incu-
bated overnight at 18 �C. Each protein was purified
from the soluble fraction on a Nickel Sepharose
Fast Flow column (GEHealthcare) equilibrated with
50 mM Tris pH 7.8, 100 mM NaCl, 10% glycerol,
20 mM Imidazole and 0.5 mM DTT. Bound proteins
were eluted by increasing the imidazole concentra-
tion to 250 mM. Proteins were dialyzed into 50 mM
Tris pH 7.8, 100 mM NaCl, 10 % glycerol and 2 mM
DTT, concentrated and further purified using size
exclusion chromatography (S-100, GE Healthcare).
Protein purity was quantified by SDS-PAGE and
identity by MALDI-TOF mass spectrometry.
Equilibrium Experiments. Equilibrium unfolding

experiments were performed with 4–20 lM protein
in 50 mM sodium phosphate pH 7.45, 21 mM
NaCl (I = 150), 1 mM TCEP at 25 �C. Circular
dichroism was measured on a JASCO 1500
spectropolarimeter in a 1 mm quartz cuvette using
the average of 5 scans, and ellipticity at 222 nm
was plotted against GdnCl concentration (0 to
5 M, with 0.2 M steps). Fluorescence equilibrium
unfolding experiments were performed with the
same unfolded protein sample (0 to 5 M GdnCl) in
a quartz cuvette with 10 mm path length. Samples
were incubated for at least 30 min before the first
measurement to ensure that the (un)folding
reaction had reached equilibrium. The protein was
excited at 280 nm and emission spectra were
recorded from 300 to 450 nm at the respective
denaturant concentrations. Fluorescence emission
at 340 nm was plotted against GdnCl
concentration. CD and fluorescence data were
analyzed quantitatively either by two state or three
state models (Eqs. (1) and (2)).

F ¼ ðððaN þ bN � ½GdnCl �Þ þ ðaD þ bD � ½GdnCl �Þ
� expððmD�N � ð GdnCl½ � � GdnCl½ �50%ÞÞ=RT ÞÞ=ðð1
þ expðmD�N � ð GdnCl½ � � GdnCl½ �50%ÞÞ=RT ÞÞ ð1Þ

F ¼ ðððaN þ bN � ½GdnCl �Þ þ ðaD þ bD � ½GdnCl �Þ
� expððmD�N � ð GdnCl½ � � GdnCl½ �50%ÞÞ=RT ÞÞ=ðð1
þ expðmD�N � ð GdnCl½ � � GdnCl½ �50%ÞÞÞ=RT ÞÞ þ ðða2

D

þ b2
D � ½GdnCl �Þ � expððm2

D�N � ð GdnCl½ �
� GdnCl½ �250%ÞÞ=RT ÞÞ=ðð1þ expðm2

D�N � ð GdnCl½ �
� GdnCl½ �250%ÞÞ=RT ÞÞ ð2Þ
The same experimental setup and equations as

described above were used for analysis of the pH
dependence of the folding (pH 2.5 to 9.5,
I = 150 mM, adjusted with NaCl) and for the
10
(initial) ionic strength dependence (I = 50 to
1000 mM, adjusted with NaCl in 50 mM Tris pH
8.5, 1 mM TCEP). Buffer used for the pH
dependence were: pH 2.0, sodium phosphate; pH
3.0, sodium formate; pH 3.5, sodium formate; pH
5.5, sodium acetate; pH 6.0, Bis-Tris; pH 7.5,
sodium phosphate; pH 8.5, Tris; and pH 9.5, CHES.
Kinetic experiments. Rapid mixing for kinetic

folding and unfolding experiments were performed
using an upgraded SX-17 MV stopped-flow
spectrophotometer (Applied Photophysics,
Leatherhead, UK) at 25 �C. All proteins used in
the kinetic experiments have one or several Trp
residues, so fluorescence emission was measured
with a 320 nm bandpass filter using an excitation
wavelength at 280 nm. PDZ3, SH3-GK, PSG WT
or PSG with or without 4.5 M denaturant were
rapidly mixed with buffer-GdnCl solutions to final
protein concentrations of 0.05–2 lM and GdnCl
concentrations of 0.41 to 5 M to induce refolding
or unfolding. Kinetic experiments were performed
at neutral pH (50 mM sodium phosphate, pH 7.45,
21 mM NaCl (I = 150), 1 mM TCEP). Kinetic
traces were fitted to a single or double exponential
decay using Applied Photophysic’s software to
obtain observed rate constants (kobs). Chevron
plots were obtained by plotting kobs versus GdnCl
concentration.
Data analysis of kinetic experiments. All data

were analyzed assuming a linear dependence of
the logarithm of each of the microscopic rate
constants on denaturant concentration.40 Kinetic
data from PDZ3 followed a two-state scenario
where kobs = ku + kf and was therefore fitted to Eq.
(3).

kobs ¼ kH2O
u � exp ðmz�N GdnCl½ �=RT Þ þ k

H2O

f

� exp ð�mD�z GdnCl½ �=RT Þ ð3Þ
SH3-GK, PSG and PSG WT showed more

complex kinetics, implying a multistate folding
pathway. The data were fitted to Eq. (4)
describing an equilibrium between intermediates
and ground states. While the kinetics are
qualitatively consistent with equilibrium data, the
high number of parameters in Eq. (4) leads to
large errors in several parameters, which
precludes a meaningful quantitative comparison
between kinetics and equilibrium.

kobs ¼ kH2O
f � expð�mf ½GdnCl �=RT Þ=ð1þ K I � expðmI

� ½GdnCl �=RT ÞÞ þ kH2O
u � expðmu ½GdnCl �=RT Þ=

ð1þ Kp � expðmp ½GdnCl �=RT ÞÞ ð4Þ
All data were analyzed with Prism 9 (GraphPad

Software, Inc.)
Control experiments to ensure that denatured

PSG refolds to its native state. PSG was
denatured in 4.5 M GdnCl and refolded overnight
against the experimental buffer. This refolded
PSG sample was then used in five different
experiments to demonstrate that refolding returns
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the same native state as obtained after expression
and purification (Figure S5). CD spectra
(Figure S5(A)) as well as GdnCl denaturation
experiments (Figure S5(B) and (C)) were identical
for the two samples. Furthermore, kinetic
experiments involving manual mixing refolding
experiments in a fluorimeter (JASCO 1500
spectropolarimeter) showed that the time window
used in stopped flow experiments captured the
entire refolding reaction (Figure S5(D)). Manual
mixing in the JASCO instrument was necessary
since long recordings in the stopped flow resulted
in signal drift. Finally, peptide-binding experiments
were performed as described previously using a
dansylated CRIPT peptide.22 The observed rate
constants for binding were almost identical for the
two PSG samples, showing that a binding-
competent native state was attained after refolding
(Figure S5(E)).
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