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Frustration Sculpts the Early Stages of Protein Folding**
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Abstract: The funneled energy landscape theory implies that
protein structures are minimally frustrated. Yet, because of the
divergent demands between folding and function, regions of
frustrated patterns are present at the active site of proteins. To
understand the effects of such local frustration in dictating the
energy landscape of proteins, here we compare the folding
mechanisms of the two alternative spliced forms of a PDZ
domain (PDZ2 and PDZ2as) that share a nearly identical
sequence and structure, while displaying different frustration
patterns. The analysis, based on the kinetic characterization of
a large number of site-directed mutants, reveals that although
the late stages for folding are very robust and biased by native
topology, the early stages are more malleable and dominated
by local frustration. The results are briefly discussed in the
context of the energy-landscape theory.

The Levinthal paradox highlights how folding of a protein to
the native state cannot occur through a random search
between all possible states.[1] One of the intriguing approaches
to solve the paradox is to assume that proteins are minimally
frustrated, implying a funneled energy landscape.[2] But,
proteins are optimized not only to fold but also to function.
Therefore, because the evolutionary constrains that select for
function contrast with those optimizing folding, it is observed
that local frustration of non-optimized patterns is overlapped
with the active site.[3] The effects of such frustration, which is
a signature of the conflicting demands between folding and
function, are still poorly understood and demand experimen-
tal characterization.

The second PDZ domain from protein tyrosine phospha-
tase-bas like (PDZ2) is a globular protein–protein recognition
domain, containing two a helices and six b strands. The
binding pocket of PDZ2 is located, like in all PDZ domains,
between helix a2 and strand b2, but its function is also
regulated by a sparse energetic network within the domain.[4]

An alternative spliced isoform of this PDZ domain (PDZ2as),
displays an insertion of five residues (VLFDK) at the
beginning of the b2–b3 loop. Such an insertion effectively

abrogates binding, due to a small but detectable conforma-
tional change observed at the level of the binding site.[5] By
comparing the three-dimensional structures of PDZ2 and
PDZ2as by using a methodology aimed at identifying
frustration in protein structures,[6] we observed a change in
the frustration pattern, which appears consistent with the
perturbed binding properties of PDZ2as (Figure 1). In fact, as

expected from an allosterically regulated protein,[3] PDZ2
displays signatures of local frustration in different parts of its
structure. On the other hand, such frustration is lower in
PDZ2as, a feature that is consistent with its lower binding
capability.

The PDZ domain family is an ideal candidate for protein
folding studies. In fact, because their folding pathways involve
the presence of two sequential transition states, the early and
late events are both experimentally accessible.[7] To obtain
a glimpse on how frustration affects the different stages of the
folding reaction, we report in this communication the
comparison between the folding pathways of PDZ2 and
PDZ2as by the so-called F-value analysis, a powerful exper-
imental method to obtain structural information about
transition states.

Because of their nature, transition states never accumu-
late; thus, their structure can be inferred only indirectly. By
systematically mutating amino acid side chains and probing
the effect of this perturbation on the activation and ground
statesÏ free energies, it is possible to map interaction pat-
tern(s) in the transition state and to unveil their structure.[8] In
practice, the analysis demands the determination of the so-
called F value, which is formalized by normalizing the
changes in activation free energy to the changes in native

Figure 1. Frustration and structure of PDZ2 and PDZ2as. The frustra-
tion profiles, reported for both PDZ2 and PDZ2as were calculated
using the frustratometer server.[6] Frustrated patterns are highlighted in
red, whereas the minimally frustrated interactions are reported in
green. The right panel highlights in blue spheres the positions of the
two domains that are different in structure in the case of TS1. It is
evident that these positions map on the structural regions (up-left and
down-right) that are frustrated in PDZ2, although being minimally
frustrated in PDZ2as.
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stability upon each specific non-disruptive mutation. If some
critical experimental caveats are taken into account,[9] the F

value returns a robust index that reports on the extent of
native-like structure in the transition state, approaching 1 and
0 for native- and denatured-like structures, respectively.

Twenty-five conservative mutants of PDZ2as were pro-
duced, expressed, purified, and characterized (Table S1). Five
of these mutants expressed poorly and could not be analyzed
(V65A, L66A, V68A, L94A, L96A); thus, we performed
urea-induced kinetic denaturation experiments on the
remaining 20 mutants. The semi-logarithmic plots of the
observed unfolding and refolding rate constant versus dena-
turant concentration (chevron plot) are shown in Figure S1
(see the Supporting Information). In analogy with previous
work on PDZ domains,[7] analysis of the observed rate
constants revealed the presence of two successive transition
states in the folding reaction, namely a denatured like TS1
and a native like TS2. Thus, the chevron plots for all mutants
(Figure S1) were fitted globally to a three-state model with
shared overall structural features of the transition states in
terms of their accessible surface area (see the Experimental
Section). We were able to calculate reliable values of F for 13
mutants, whereas the remaining 7 mutants displayed a ther-
modynamic stability too similar to wild-type PDZ2as, pre-
venting an accurate calculation of their F values. In summary,
two sets of F values were obtained for all 13 mutants,
reflecting the index of native-like structure for the early
transition state TS1 and the late transition state TS2
(Table S1).

It is of interest to compare the structural features of TS1
and TS2 obtained for PDZ2as with those previously defined
for PDZ2, in the light of their differences in frustration
patterns. In fact, whereas the two proteins share a nearly
identical structure and amino acid sequence, a F versus F

plot for TS1 and TS2 (Figure 2) highlights that although the
late stages for folding are extremely robust, there is a weaker
native bias at the early stages, with TS1 being much more
malleable in structure than TS2. In particular, mutations at
positions L18A, L25A, A52G, and L73A, although displaying
a similar behavior in the two proteins in determining the
structure of TS2, represent clear outliers in the case of TS1.
These positions, which are highlighted as spheres in Figure 1,
are located close to the active site of the domain, in the
regions that display a clearly different frustration pattern in
PDZ2 compared to PDZ2as. On the basis of these observa-
tions we conclude that, in the case of this PDZ domain, local
frustration sculpts the early stages of folding, whereas it has
little effects on the late stages of the reaction.

The principle of minimal frustration and the funneled
energy landscape represent the milestones of protein-folding
theory since decades.[2, 10] Nevertheless, the effect of local
frustration on the folding mechanisms of proteins has been
relatively poorly addressed experimentally and still repre-
sents an open challenge. The comparison of the folding
pathways of two alternative spliced forms of a PDZ domain,
which display a nearly identical sequence and structure but
a different frustration pattern, provides important insight on
how frustration determines the folding mechanism. In fact, we
show that, in agreement with what is predicted by the

funneled energy landscape theory, frustration is critical in
shaping the early stages of folding, which are more malleable
and heterogeneous, whereas the late stages appear more
robust and biased by native topology. In this perspective, the
results presented in this work represent an experimental
validation of the funneled energy landscape in protein
folding.

Experimental Section
Site-Directed Mutagenesis and Protein Expression and Purification:
PDZ2as was expressed and purified as described.[11] Site-directed
mutants were produced by using a quick-change site-directed muta-
genesis kit (Stratagene), according to the manufacturerÏs Instructions
and purified as PDZ2as. Site-directed variants were confirmed by
DNA sequencing.

Stopped-flow measurements: Single mixing kinetic folding
experiments were carried out on an SX-18 stopped-flow instrument
(Applied Photophysics, Leatherhead, UK); the excitation wavelength
was 280 nm and the fluorescence emission was measured using
a 320 nm cut-off glass filter. The experiments were performed at 25 88C
and all experiments were carried out in the presence of 50 mm sodium
phosphate pH 7. In all experiments, refolding and unfolding were
initiated by an 11-fold dilution of the denatured or the native protein,
in the appropriate buffer, with a typically final protein concentration
of 5 mm.

Kinetic data analysis: The folding chevron plots of PDZ2as and
its site-directed mutants were fitted to a model implying a high-
energy intermediate, intervening between two consecutive transition
states, namely a more denatured like TS1 and a more native-like TS2,
as previously described.[7] The presence of such intermediate reflects
a deviation from linearity in the unfolding arm of the chevron plot and
data was analyzed according to a three-state model, with the observed
rate constants equal to:

kobs ¼ kF þ kU2=ð1þKpartÞ ð1Þ

in which kF is the folding-rate constant, kU2 is the unfolding-rate
constant from the native to the second transition state TS2, and Kpart is
the partition factor between the two transition states. For the early

Figure 2. Comparison of the folding mechanisms of PDZ2 and
PDZ2as. The calculated F values obtained for the two proteins for the
denatured-like TS1 (left panel) and native-like TS2 (right panel) are
reported with their respective errors. A line passing through the origin
with slope one has been drawn to guide the eye. Whilst a linear fit of
the data for TS2 returns a good correlation with an r value of 0.86,
data for TS1 display no correlation (r =0.18). As described in the text,
by considering that the two proteins display a nearly identical
sequence and structure, in the light of the structural localization of the
clear outliers in TS1 (i.e., mutations L18A, L25A, A52G, and L73A) we
explain these effects by comparing the different frustration patterns of
the domains.
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transition state, f values were calculated as

�TS1 ¼ DDGD¢TS1=DDGD¢N ð2Þ

where DDGD¢TS1 is the difference in the free energy between the
denatured state and TS1 upon mutation

DDGD¢TS1 ¼ R T ln ðkf
WT=kf

mutÞ ð3Þ

and

DDGD¢N ¼ DGD¢N
WT¢DGD¢N

mut ð4Þ

For the late transition state, f values were calculated as

�TS2 ¼ DDGD¢TS2=DDGD¢N ¼ 1¢DDGTS2¢N=DDGD¢N ð5Þ

in which

DDGTS2¢N ¼ R T ln ðkU2
mut=kU2

WTÞ ð6Þ

Data analysis was performed by Prism (Graphpad) and Kaleida-
graph (Synergy Software) software packages.
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