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Abstract: Protein allostery is a phenomenon involving the long
range coupling between two distal sites in a protein. In order to
elucidate allostery at atomic resoluion on the ligand-binding
WW domain of the enzyme Pin1, multistate structures were
calculated from exact nuclear Overhauser effect (eNOE). In its
free form, the protein undergoes a microsecond exchange be-
tween two states, one of which is predisposed to interact with its
parent catalytic domain. In presence of the positive allosteric
ligand, the equilibrium between the two states is shifted towards
domain–domain interaction, suggesting a population shift
model. In contrast, the allostery-suppressing ligand decouples
the side-chain arrangementat the inter-domain interface the-
reby reducing the inter-domain interaction.As such, this me-
chanism is an example of dynamic allostery. The presented
distinct modes of action highlight the power of the interplay
between dynamics and function in the biological activity of
proteins.

Introduction

Allostery in proteins describes the process by which a si-
gnal such as ligand binding on one site of a protein or protein
complex is transmitted to another distal functional site the-
reby regulating biological activities.[1] Several models on the
mechanism of allostery have been postulated including the
sequential mechanism,[2] the population shift model (in-
cluding the conformational selection mechanism originally
termed the symmetric model; Monod [3]), and the dynamic
allostery model.[4] While the sequential mechanism assumes
adaptability of the structure upon ligand binding, the model
by Monod is based on the existence of two pre-existing ex-
changing states whose population equilibrium shifts upon li-
gand binding since the ligand selects one of the two states. The
dynamic allostery model assumes that ligand binding changes
the frequency and amplitude of thermal fluctuations within
a protein without perturbing the average structure.

Experimental elucidation of allostery as „an action at
a distance“ phenomenon is challenging. [1] The challenge is
due to the availability of mostly low resolution, local data in
NMR—including relaxation studies [5, 6]—or individual dete-
rmined structures of trapped states (such as free and ligand-
bound states, or intermediate states stabilized by for example
mutagenesis). Integrating analysis of experimental data with
molecular dynamic simulations using for example recently
developed statistical methods is however emerging as an in-
teresting and powerful approach.[7–11]

Recent progress in NMR-based methods opened an ave-
nue towards a more holistic description of motion and en-
sembles of structures. These include residual dipolar coupling
(RDC) measurements,relaxation dispersion NMR experi-
ments, cross-correlated relaxation (CCR), paramagnetic re-
laxation enhancement (PRE), and exact Nuclear Overhauser
Enhancement or Effect (eNOE) data in combination with
molecular dynamics simulation, structure prediction software,
or ensemble-based structure calculations.[12–26]

Here, we made use of the eNOE approach, which allows
for the multi-state structure determination of well behaving
proteins because of the high accuracy (i.e. < 0.1 ) of the
ensemble-averaged restraints obtained[23, 25, 27, 28]and applied it
to a variant of the prototypical allostery-comprising WW
domain of Pin1 (see the Material and Methods section in the
Supporting Information). Pin1 is a peptidyl-prolyl cis-trans
isomerase (PPIase). Its biological significance includes
amongst others an involvement in the regulation of mitosis,[29]

a protective function against Alzheimers disease,[30] increase
of hepatitis C infection [31] and it is overexpressed in many
human cancer cells.[32] Pin1 contains an N-terminal WW do-
main (the name has its origin in the presence of two Trp
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residues) separated by a flexible linker from the C-terminal
catalytic PPIase domain (Figure 1 A).[33]

The 34-residues-long N-terminal WW domain is thought
to be responsible for ligand recognition and binding as evi-
denced by NMR titration experiments (Figure 1), the C-ter-
minal domain contains the catalytically active site. The two

domains, which interact loosely via Loop 2 of the WW domain
(i.e. residues I28-Q33),form the ligand binding site and the
extent of interaction depends on the ligand that binds at
a distal Loop 1 comprising residues M15-R21.[34–36]One family
of substrate (such as the peptide pCdc25C of interest here)
reduces the inter-domain contact, while other peptide families

Figure 1.The 3D structure of Pin1 with its postulated allosteric interaction within the variant WW domain. The allostery within the WW domain
occurs between the ligand-binding site (indicated in yellow) and the interaction site with its catalytic domain is highlighted in red and labeled as
the inter-domain interface.[38–41, 43–45]This interaction is shown on top of the 3D crystal structure (PDB code 1PIN) represented by a ribbon with the
residues of interest also highlighted by side chains. The NMR chemical shift titrations of the15N-labeled variant WW with the positive allosteric
peptide FFpSPR and the negative allosteric peptide pCdc25C are shown for the relevant residues (i.e. M15-R21 form the ligand binding site and
I28-Q33 are residues in the inter-domain interface) measured by [15N,1H]-HSQC experiments. The black cross peak corresponds to the15N-1H
moiety of the apo form. Upon titration with FFpSPR highlighted by the color code ranging from black over red to yellow, the cross peaks move
with increasing concentration away from the apo form. Similarly, the color changes from dark to light blue indicate the chemical shift changes due
to the interaction with the ligand pCdc25C. The shift changes indicate a fast exchange regime (i.e. ms time regime). In the binding site, the cross
peaks move in the same direction for both ligands, while at the interface they shift in opposite directions. While the interface peaks undergo
smaller shifts for the negative-allosteric ligand pCdc25C in comparison with FFpSPR, the binding-site peaks show similar shift magnitudes.
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(such as the peptide FFpSPR of interest here) enhance the
inter-domain contact.[35, 37, 38]Extensive studies at low resolu-
tion by others show that these properties require a substantial
allosteric cross-talk between Loop 2 and the ligand binding
site Loop 1 of the WW domain. [38–45] Thus, the WW domain
possesses a ligand-mediated allosteric coupling. Experimental
evidence includes the ligand titration NMR experiments with
the isolated WW domain, showing chemical shift changes at
the distal site Loop 2 upon ligand binding at Loop 1 (Fig-
ure 1).[38–41, 43–45]Furthermore, the two ligands induce distinct
chemical shift changes in direction and magnitude on Loop 2
in line with their opposing property in the inter-domain in-
teraction (Figure 1).[38] In order to explore the nature of this
allosteric coupling at atomic resolution eNOE ensemble
structures were determined of the apo-state of the WW do-
main as well as the WW domain in presence of either of the
two peptide ligands FFpSPR and pCdc25C.

Results

Multi-State Structure Determination of the WW domain in
Absence and Presence of Ligands

Following an established protocol[23, 25]with the eNORA2
program[46] ( [47] CYANA version), ensemble structure calcu-
lations were performed for all three systems with eNOE-ba-
sed distance restraints (Figure 2 A) and scalar couplings
(Supplementary Tables S1–S3 and Material for more details).
In Figure 2 B, the large number of restraints is demonstrated
for Trp11 in the apo form of the WW domain, for which ca. 60
distance restraints have been collected, while on average
there are roughly 20 eNOE-derived distance restraints per
residue.As a measure of the quality of the calculated struc-
tures, the CYANA target function (TF), which is a weighted
sum of all squared violations of the experimental restraints, is
used. It drops significantly from one state to two states and
levels off after three states (Figure 2 C).In a ten-state struc-
ture calculation, the two states are still observed (as exem-
plified in the Ramachandran plot for Thr29 in Figure S1)
further supporting the two-state nature of the system. While
the TF is an insensitive measure for determining the popu-
lations of the two states (Figure S2A), the details of the two

Figure 2.Distance restraint collection and structure calculation. A) Five experimental eNOE measured at 20, 30, 40, 50, and 60 ms NOESY mixing
time of the apo WW domain, color coded by green and blue dots corresponding to the two respective NOEs on both sides of the diagonal versus
time are shown. In addition, these data are superimposed with back-predicted buildups derived from the calculated two-state ensembles. The
NOEs are between residues indicated at the top of each graph. The intensities are normalized to the average value of each buildup. The back-
predicted theoretical model fulfils the experimental data very well (see also Figure S2). The back-predicted buildups were calculated using eNO-
RA2 implemented in CYANA[46] ([47] CYANA version). B) eNOE-derived distance restraints around Trp11 of apo WW are mapped onto the 3D
structure, indicating the large size of the data set. Trp11 and residues around Trp11 are shown in yellow and grey, respectively. Over 60 eNOE
distance restraints (highlighted in red) were collected contrasting the four degrees of freedom of a Trp. This highlights the high density of in-
formation obtained by eNOE-based structure determination. C) CYANA target function (TF) values of various ensemble-based structure calcula-
tions, demonstrating the importance of the ensemble-based structure. The CYANA TF, which is the (weighted) sum of the squared violations of
the conformational restraints versus number of simultaneously calculated states, is shown for all three calculations. The decrease of the TF with
an increasing number of states indicates that at least two states are required to describe the experimental data well.
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states are preserved (including the correlated/non-correlated
configurations of Thr29 and Ala31 discussed below) for
a population range 1:1—  1:3 for apo WW and WW domain
in complex with pCdc25C, while for WW—FFpSPR it is
conserved in the range of 1:9–4:6 (Figure S2A).

In order to get further insights into the relative population
of the two states, we conducted titration experiments with
FFpSPR using a T2-filtered [ 15N,1H]-HSQC experiment to
enhance the signal broadening. The broadest signal can be
attributed to a 1:1 population allowing a determination of the
relative populations of the two states of  1:3 for apo WW
(Figure S2B). To support this finding a 15N-resolved CEST—
[15N,1H]-TROSY experiment was conducted for apo WW
(Figure S2C). The CEST data of the allosteric sites Ala31 and
Gln33 albeit at the noise level show the presence of two states,
one corresponding to the fully FFpSPR-bound state (Fig-
ure S2C, blue arrow), while the other allosteric state can also
be identified (Figure S2C, cyan arrow) and agrees well with
the elucidation of the shifts of the two states by the titration
(Figures S2B and S2C). With the knowledge of the chemical
shifts of the samples used for the structure determination, it
can be estimated that the two states of the apo WW domain
are present in a ratio of  3:1, while in the WW-FFpSPR
complex the populations are  1:4. 15N relaxation measure-
ments at two magnetic fields in concert with the titration
experiments revealing the chemical shift difference between
the two states yielded individual exchange rates (Figure S2D).
A similar exchange rate of ca 100 kHz is observed for both the
ligand binding site (i.e. Ser19) as well as the allosteric site (i.e.
Ile28, Asn30, Ala31, Ser32, and Gln33) supporting again the
presence of two states that exchange in a concerted fashion.

Overall, these findings indicate that, in contrast to the
single-state structure,multi-state ensembles describe the ex-
perimental data well (Tables S1–S3).

Validating the Multi-State Structures

The agreement of the model with the experimental data is
also illustrated by the superposition of experimental NOE
data and back-calculated NOE buildups (Figure 2 A). The
improvement of the model with respect to the experimental
data is shown even more explicitly by comparing back-pre-
dictions derived from single-state structures in comparison to
the model derived from two-state structures (Figure S3).
Furthermore, a cross-validation test with cross-correlated
relaxation data (not used in the structure calculations) fit
better with the two-state structural ensembles than the single-
state structures (Figure S4). Finally, a cross-validation test was
performed with a jackknife procedure that repeats the
structure calculation twenty times with 5 % of the experi-
mental input data randomly deleted such that each distance
restraint is omitted exactly once. These obtained structures
are similar to the original structures including the correlated
states between Thr29 and Ala31 of interest below (Figure S5).
As a representative for the following discussion, the two state
ensembles described by a structural bundle of 2  20 confor-
mers (Figure 2) are used.

Discussion

The Apo State of the WW Domain Comprises Two Distinct
Conformational States

Inspection of the apo WW domain two-states ensemble
reveals two spatially well-separated states from the ligand-
binding site including Loop 1 via the backbone of the b-strand
b2 and Asn26 to the inter-domain site Loop 2 (Figure 3 A).
The two states are well separated both by the side chains
shown (i.e. Arg14, Met15, Ser16, Ser19, Tyr23, Phe25, Asn26,
Ile28, Thr29, Asn30, Ala31, Gln33) as well as the backbone
angles for Thr29 and Ala31 highlighted in Ramachandran
plots (Figure S6). Since only one set of chemical shifts is ob-
served, it is suggested that the two states interchange in the
micro-millisecond time range in a concerted fashion between
the side chain of the ligand binding site (such as Arg14,
Met15, Ser16,Ser19,Tyr23 and possibly Phe25) to the side
chains of the inter-domain interaction site (i.e. Ile28, Thr29,
Asn30, Ala31 and Gln33) via the backbone of the b-strand b2
and the side chain Asn26 (Figure 3 A). Of particular interest
for the following comparison is thereby the relative side-chain
arrangements of Thr29 and Ala31 side chains (Figures 3 A
and D), which can be illustrated by a seesaw sketch re-
presenting the two states (Figures 3 D and F): if the side chain
of Thr29 is „below“ the backbone in Figure 3 D, the side chain
of Ala31 is „above“ it and vice versa if the side chain of Thr29
is „above“ the backbone, the side chain of Ala31 is „below“ it,
respectively.

The Mechanism of Action of the Positive Allosteric Ligand Shifts
the Population of States

Inspection of the two-state structure of the WW domain in
complex with the positive allosteric ligand FFpSPR shows
that the two-state ensemble of the WW domain only shifts the
population of the two states towards the dark blue state
identified in the apo form (Figures 3 A and D). This includes
the seesaw arrangement (Figure 3 E) between the two side
chains of Thr29 and Ala31 as illustrated in Figure 3 D for
which the yellow state of the complex superimposes well with
the cyan state of the apo WW, while the red state of the
complex superimposes well with the blue state of the apo WW
domain. These arrangements are also found in the Rama-
chandran plots of Thr29 and Ala31 (Figure S6). Thus, the
FFpSPR peptide appears to select the dark blue state such
that the mode of allosteric action is proposed to be confor-
mational selection.[3]

The Negative Allosteric Ligand Follows the Dynamic Allostery
Model

In striking contrast to the peptide FFpSPR, peptide
pCdc25C influences the inter-domain interaction between the
WW domain and its catalytic domain negatively. Based on the
finding that the peptide FFpSPR acts by the conformational
selection model discussed above,it would seem logical to
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Figure 3.Two-state structural ensemble of apo WW (A), WW in complex with the positive (B) and negative (C) allosteric ligand, highlighting the
presence of two distinct states. Backbone traces of 20 structural ensembles of the WW domain each representing two different states are shown.
In addition, several side chains are shown and labeled. The WW states are color coded with cyan and blue for the apo WW, yellow and red for the
positive allosteric ligand FFpSPR complex, and grey and black for the negative allosteric ligand pCdc25C complex. The two states of the catalytic-
domain-interacting Loop 2 are enlarged as indicated. In addition, the two states for residues 29–31 are shown for one conformer only for clarity in
(D) and (E) by superimposing the two apo states with either the two states of the positive (D) or the two states of the negative (E) allosteric-
ligand–WW complex. These superpositions illustrate that the positive allosteric ligand does not alter the two-state structures as the yellow state
superimposes with the cyan state and the red state with the blue state for both residues Thr29 and Ala31. In the case of the negative allosteric
ligand, the grey state superimposes with the blue state for residue Thr29, but for Ala31, the blue state superimposes with the black state, and the
black state superimposes with the cyan state for Thr29, while the black state superimposes with blue state of Ala31. In (F) this observed change
is illustrated by a seesaw model. In the case of apo WW, Thr29 and Ala31 alter their states like a seesaw with the cyan state more populated
(drawn thicker). When bound to the positive allosteric ligand, the seesaw states are preserved, however with different populations of the two
states. In contrast, no seesaw-like two states are observed in the case of the negative allosteric ligand, shown in grey/black.
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assume that the pCdc25C peptide selects the binding-in-
competent state and thereby interferes with the inter-domain
interaction. However, this is not the case as revealed by the
two-state structure calculation of the WW domain in presence
of the peptide ligand pCdc25C. Still, two states are observed
(Figure 2 C). Furthermore, both states are distinct in the
backbone (represented by Ramachandran plots in Figure S6)
as well as the side chains of Loop 2 (Figure 3 C and D). Ho-
wever, the backbone and side-chain states in Loop 2 between
residues Ile28/Thr29 versus Ala31 are anti-correlated with
each other when compared with the apo structure and the
FFpSPR structure (Figure 3 D).Hence, the two states of the
seesaw of the Thr29/Ala31 side chains do not exist anymore
but either both side chains are up or down simultaneously as
illustrated in Figure 3 D and E. In detail, when the side chain
of Thr29 is close to the dark blue state of the apo structure, the
side chain of Ala31 is superimposable with the cyan state,
while if the side chain of Ala31 is close to the cyan apo
structure, the side chain of Thr29 aligns with the dark blue
state of the apo structure. Thus,when Loop 2 is locally ave-
raged over the two states the apo structure is locally not di-
stinguishable from the WW domain structure in complex with
pCdc25C as supported by minor observed chemical shift
changes contrasting the situation for the positive allosteric
case (Figure 1). However, when viewed in a time-resolved
manner the free WW domain and in complex behave diffe-
rently because the dynamics altered. The pCdc25C peptide—
WW domain complex can thus be regarded as an example of
a dynamic allostery model, where the local structure is not
perturbed on average, but on the global level there is a change
from a correlated motion in the apo-state to an anticorrelated
motion in the complex (Figure 3 D and E).

The Ligand-Induced Allostery of the WW Domain in the Context
of Full-Length Pin1

It has been demonstrated that by binding to Loop 1 of the
WW domain the peptide pCdc25C reduces the loose inter-
domain contact with the C-terminal catalytic PPIase domain
via an allosteric mechanism, [33] while the peptide FFpSPR
enhances this inter-domain contact.[35, 37, 38]Since Loop 2 is the
side of the WW domain which interacts with the PPIase do-
main, the above findings on the two states on Loop 2 (Fig-
ure 3) give insights into the mechanism of positive and ne-
gative influence on the interaction between the two domains.
For this the WW domain structures of all three systems stu-
died here were superimposed with the WW domain of the
crystal structure of full-length Pin 1 (Figure 4; 1PIN.pdb). The
superpositions show that the cyan and yellow states of the apo
WW and WW domain in complex with FFpSPR clash in part
with the catalytic PPIase domain in contrast to the corres-
ponding blue and red states, respectively. Since the predicted
clash is not possible because of very large van der Waals en-
ergies, it is assumed that the cyan and yellow states are not fit
in binding with the catalytic PPIase domain. Indeed, upon
FFpSPR peptide ligand binding the population changes in
favor of the red non-clashing state and thus the inter-domain
interaction is enhanced as demonstrated.[35, 37, 38]In the case of
the WW domain bound with pCdc25C both states clash into
the catalytic domain, which is interpreted that both states are
not able to interact well with the catalytic domain as de-
monstrated.[35, 37, 38]

The mechanism of the allosteric coupling between ligand-
binding Loop 1 and inter-domain interacting Loop 2 is further
illustrated in Figure 5 (clay colored structure). The WW do-
main possesses two distinct states likely of similar energy that
cover both the ligand binding site (i.e. Loop 1) as well as the
inter-domain interacting site (i.e. Loop 2). The interchange
between the catalytic domain-binding competent and non-
competent states of Loop 2 in the micro-second time range of

Figure 4.The multi-state structures of the WW domain in the context of its predicted interaction with the catalytic domain highlight state-specific
clashes. The two-state structures are shown by space filling calotte (CPK) models of A) the apo WW in cyan and blue, B) the WW domain in
complex with the positive allosteric ligand FFpSPR (shown in yellow and red), and C) the WW domain in complex with the negative allosteric
peptide pCdc25C (shown in grey and black), which have been superimposed onto the WW domain structure of full-length Pin1 (PDB code 1PIN).
The contact surface of the catalytic domain Pin1-PPIase is shown in pink, cut from the front in order to illustrate the eventual clashing of the WW
domain with the Pin1-PPIase domain. Note, there is only a clash if the center of the spheres of the WW domain are visible inside the PPIase. The
inspection of the figures shows that in (A) the cyan state clashes with the pink PPIase domain, while the blue state does not; in (B) the yellow
state clashes with the PPIase domain, while the red state does not, and in (C) both the black and grey states clash with the PPIase domain.
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the apo WW domain thereby perturbs the inter-domain
contact. The ligand FFpSPR selects the binding-competent
state and enhances the inter-domain interaction. In contrast,
in complex with pCdc25C both Loop 2 conformations show
clashes interpreted here as interference of a domain–domain
interaction (Figure 5). While the average structure of Loop 2
did not get perturbed upon pCdc25C binding (in Figure 5: the
two triangles and two rectangles are on average the same as in
the apo state) it is the dynamics that changed from being
concerted in the apo state to anti-correlated in the complex
with pCdc25C yielding binding interference to the catalytic
domain. Hence, depending on the peptide not only the out-
come of allostery but also the mechanism of allostery is al-
tered. This is possible since all the structural states involved
have similar energies with low activation barriers between
them enabling different processesand pathways by small
perturbations.

Conclusion

There are several mechanisms of action of allostery in-
cluding the population shift model and the dynamic allostery
model. Because of recent advances in NMR methodology
a large collection of highly accurate experimental data was
obtained and allowed to elucidate the mechanism of allostery
for the WW domain at atomic resolution. A ligand-dependent
mechanism of action of allostery was thereby revealed, in-
ferring for one ligand the population shift model and for the
other ligand the dynamic allostery model. These mechanisms
of action highlight also the possible multi-dimensional inter-
play between dynamics and structure that amount to evolu-
tionary selection for fittest performance. It further indicates
the astonishing multifaceted possibilities this multi-dimen-
sional dynamic structure landscape possesses.

Figure 5.Allosteric mechanisms of action of the WW domain. A) The apo form of the WW domain (represented by a pink clay form) is und-
ergoing exchange between two states, one of which (on the left) is able to bind the catalytic domain colored in blue. B) In presence of either the
positive allosteric ligand FFpSPR (shown in orange) or the negative allosteric peptide pCdc25C (shown in black) two distinct allosteric mecha-
nisms are active. The positive allosteric ligand FFpSPR selects the state that interacts with the catalytic domain, enhancing interaction with the
catalytic domain (arrow to the right). This proposed mechanism is thus based on the population shift model. The negative allosteric peptide
pCdc25C acts via the dynamic allostery model, where the average local structure is not perturbed, but at any given time it is incompatible with
interacting with the catalytic site.
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Material and Methods 

 

Preparation of samples 

The Pin1-WW construct S18N/W34F was used because it behaves experimentally more 

favourable and it is more resistant to aggregation than the wild-type. [5-6] Preparation of the 
15N/13C-labeled WW domain variant comprising S18N/W34F was done as follows: The S18N 

genetic sequence was delivered by GL Biochem Ltd. preassembled in peT32 with a HIS6-tag 

cleavable by TEV. Transformed E. coli BL21/DE3 cells were grown in pre-cultures started 

from  fresh  glycerol  stock.  In  2L  M9  cultures  (with  either 15N  NH4Cl  or 15N  NH4Cl/ 13C 

glucose) the cells were grown form OD600 of 0.1 to 0.7 at 37˚C and shaken at 120 RPM, then 

induced with IPTG. Following induction, the temperature was reduced to 25˚C and left for 

expression for 4 hrs before harvesting. Following two-step Ni-column purification the sample 

was  desalted  and  TEV  protease  added  in  1:50  (m/m)  ratio  and  left  over-night  at  room 

temperature. A further Ni-column purification step then provided the clean NMR sample. The 

sample's buffer was exchanged to the NMR buffer (10 mM K 2PO4, 100 mM NaCl, 0.02 % 

NaN3, pH 6.0) using dialysis, then concentrated to 1.2 mM using 2 kDa cutoff concentrator 

tubes (Sartorius Vivaspin 15R). The gene of full-length Pin1 S18N/W34F variant was bought 

from genescript, sub-cloned into a pET28a vector containing an N-terminal His-tag with a 

thrombin cleavage site (MHHHHHHLVPRGS). For expression the cDNA was transformed 

into E. coli BL21 cells and plated on a kanamycin-containing plate (50 ug/ml). The cells were 

grown over-night at 37 ˚C and then used to inoculate a 10 ml pre-culture. The culture was 

grown at 37 ˚C for three hours and thereafter used to inoculate a 1-liter culture (kanamycin 50 

ug/ml) of M9 medium for 15N/13C- or 15N-labeling. Cells were grown to an OD 600 of 0.9. 

Protein expression was initiated by adding 1 mM IPTG (isopropyl β-D-

thiogalactopyranoside).  The  cells  were  then  allowed  to  express  over  night  at  18  ˚C  and 

harvested by spinning at 5,000 g for 15 minutes and re-suspended in purification buffer (10 

mM Tris/HCl, 200 mM NaCl). The cells were lyophilized and spun at 40,000 g for 20 minutes. 

The supernatant was filtered (0.4 μm and 0.2 μm filters) and loaded onto a nickel (II)-charged 

chelating sepharose FF column (Amersham Biosciences), equilibrated with purification buffer 

as above and washed with 400 ml of the same buffer. The bound sample was eluted with 250 
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mM imidazole at pH 7.9, in aliquots of 10 ml. Fractions containing partially pure proteins 

were  pooled,  desalted  and  passed  through  a  DEAE  column  equilibrated  with  purification 

buffer. The sample was collected as flow-through. The purity was checked on SDS PAGE 

stained  with  coomassie  brilliant  blue.  The  pure  protein  preparation  was  concentrated  to 

experimental  concentration  of  0.4  mM.  The  concentration  was  determined  by  absorption 

measurements using the molar absorption coefficient calculated. 

The phosphorylated ligands pCdc25C (i.e. EQPLpTPVTDL) and FFpSPR were ordered 

from Bachem AG, Switzerland. 

The NMR buffer was 10 mM K 2PO4, 100 mM NaCl, 0.02 % NaN 3, in 3 % D2O and pH 

6.0 with sample concentrations of 1.2 mM WW domain or 0.4 mM full-length Pin1. For the 

sample in complex with pCdc25C a 4-fold excess of ligand was used, while for the complex 

with FFpSPR a 10-fold excess of the ligand was used, respectively. Using the isotherms of 

the chemical shift perturbations for the ligand-binding site residues (excluding allosteric site 

residues) and two-state exchange models (chemical shift perturbation versus concentration) 

the pCdc25C affinity (Kd) to the WW domain was determined to be 526 +/- 146 μM in line 

with  isothermal  titration  calorimetry  (ITC)  measurements  (Supplementary  Figure  S2)  that 

yielded  a  similar  affinity  (Kd)  of  158  +/-  70  μM  (overall  Kd,  as  opposed  to  binding  site). 

Correspondingly, the Kd for FFpSPR was determined to be 708 +/- 38 μM. Using the above 

values the occupancy of the NMR samples were calculated as follows:   

fraction   = (Pt + Lt + Kd - ( (Pt + Lt + Kd) 2 - 4 * Pt * Lt)1/2) / (2 * Pt) 

Where Lt and Pt are the ligand and protein concentration, respectively, in µM and the Kd was 

the calculated Kd from NMR titrations (µM).  

The binding affinities determined are significantly lower than the reported one for wild-type 

WW domain (i.e. 43 μM for FFpSPR and 6 μM for pCdC25C) attributed to the mutation. 

 
  

 

NMR experiments 

All experiments were recorded on a Bruker 700 MHz spectrometer and at 5 ˚C, except 

where  described  otherwise.  All  spectra  were  processed  and  analyzed  using  the  software 

package NMRPipe [7], assignment was done in CcpNMR [8]. The measurement and analysis 
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of eNOEs using eNORA2 [1] ([2] CYANA version) was described previously in detail [9], in 

short: series of 3D [15N, 13C]-resolved [1H, 1H]-NOESY-HSQC experiments were recorded to 

measure NOE buildups. [10] The inter-scan delay was 0.8 s. Simultaneous [15N, 1H]-HSQC and 

[13C, 1H]-HSQC elements were employed, following indirect proton chemical shift evolution 

and [1H, 1H]-NOE mixing (𝜏m). Diagonal-peak decays and cross-peak buildups were measured 

with 𝜏m of 20, 30, 40, 50, and 60 ms for all the three samples.  

Titration experiments with the 13C,15N-labeled WW domain were done by two different 

approaches: (i) For a fixed amount of labeled 15N/13C WW domain, increasing amounts of 

peptides were titrated into the protein solution and the extent of binding was determined by 

measuring the chemical shift changes in the [15N, 1H]-HSQC spectrum for several resonances 

and averaged thereafter. In the second approach T2-filtered [ 15N, 1H]-HSQC experiments on 
1H  and 15N  with  a  T2  times  of  10  ms  and  75  ms  were  measured  that  strengthen  the  line 

broadening as can be seen by a comparison between Figure 1 and Figure 2SB.  

The rotational correlation times 𝜏c of the individual samples were determined using 15N-

relaxation measurements as described previously in detail [9] yielding a 𝜏c for the apo WW 

domain to be 4.25 ns at 5 ˚C and 1.2 mM concentration, a 𝜏c of 5.67 ns for the WW domain 

in complex with pCdc25C at 5 ˚C and 1.2 mM concentration and a 𝜏c of 5.13 ns at 5 ˚C and 

1.2 mM concentration for the WW domain in complex with FFpSPR, respectively. 

3JHN,Hα scalar coupling were measured as described previously in detail. [9] 3JHα,Hβ scalar 

couplings were obtained from 3D 13Cα-separated Hα-Hβ in-phase COSY (HACAHB-COSY) 

experiments [11] in D 2O. The experiment was recorded with 50(MQ[Cα], t 1) × 54(Hβ, t 2) × 

2048(Hα, t3) complex points, giving t 1max, 13C = 22.5 ms, t 2max,1H = 10.8 ms, t 3max,1H = 204.8 

ms.  The  time  domain  data  were  multiplied  with  a  square  cosine  function  in  the  direct 

dimension and cosine functions in the indirect dimensions and zero-filled to 256 × 512 × 2048 

complex points. The Karplus parameters used in structure calculations were from Hu et al. [12] 
3JC’,C𝛾 and 3JN,C𝛾 scalar couplings for aromatic side chains were obtained from 13C’-{13C𝛾} and 

15N-{13C𝛾 } spin-echo difference [15N,1H]-HSQC experiments [13] performed on a Bruker 600 

MHz  spectrometer.  The  experiments  were  recorded  with  100(15N,  t1)  or  200(15N,  t1)  × 

512(1HN, t2) complex points, giving t1max,15N = 50 ms or t1max,15N = 100 ms and t2max,1H = 51.2 

ms, respectively. The time domain data were multiplied with a square cosine function in the 
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direct dimension and cosine functions in the indirect dimensions and zero-filled to 512 × 2048 

complex points. The Karplus parameters used in structure calculations were from Hu et al. [12] 

Cross-correlated  relaxation  rates  Γ HNiNi/HαiCαi +  ΓHαiNi/HNiCαi were  obtained  from  two 

experiments performed on a Bruker 600 MHz spectrometer equipped with a z-axis gradient 

cryogenic probe. A DIAI (double in-phase/anti-phase inter-conversion) method was realized 

with a pair of 3D HNCA pulse sequences (“reference” and “trans”) [14] for the first experiment. 

A  3D  ct-HNCA  MMQ  (mixed  multi-quantum,  with  zero-  and  double-quantum  coherence 

evolution averaged) experiment was used for the second experiment. The ZQ (zero quantum) 

and DQ (double quantum) coherences were superimposed, resulting in four components to be 

evaluated [15-16].  The  experiments  were  recorded  with  τMQ  =  31.0  ms  or  τMQ  =  33.5  ms, 

50(MQ[N,Cα], t1) or 55(MQ[N, Cα], t1) × 36(N, t2) × 512(HN, t3) complex points, t1max = 25.0 

or 27.5 ms, t2max,15N = 18.0 ms, t3max,1H = 51.2 ms. The time domain data were multiplied with 

a  square  cosine  function  in  the  direct  dimension  and  cosine  functions  in  the  indirect 

dimensions and zero-filled to 256 × 128 × 2048 complex points.  The back-calculation of the 

cross-correlated relaxation rates followed the procedure described previously in detail. [17] 

The  2D  CEST-[ 15N,1H]-TROSY  spectra [18]  were  recorded  on  a  Bruker  700  MHz 

spectrometer  for  both 15N-labeled  apo  WW.  The  continuous  wave  5%  truncated  Gaussian 

pulse used with a length of 75 ms showed an excitation profile of 8.5 Hz. The saturation was 

obtained by 6 such pulses. The experiments were recorded with 32( 15N, t1) × 512( 1HN, t2) 

complex  points,  giving  t1max,15N  =  16  ms  and  t2max,1H  =  51.2  ms.  Along  the 15N-CEST 

dimension 90 saturations were measured around the Ala31 and Gln33 resonances in steps of 

8 Hz.  

For the evaluation of the exchange rate the following 15N relaxation measurements were 

undertaken: Longitudinal relaxation rate, R1, rotating-frame relaxation rate, R1ρ and {1H}15N 

NOE rate were determined using pseudo 3D TROSY-based experiments at 600 MHz as well 

as 900 MHz spectrometer. The recorded data was analysed in NMRPipe and was fed to the 

RELAX software suite [19], to compute parameters like S2, Rex, τc and τe. The equilibrium rate 

constant kex, was extracted using acquired Rex, population of the two states pA and pB and 

their chemical shift difference ∆ω using the equation R ex= pApB∆ω2/kex valid in the fast k ex 

exchange regime. Furthermore, multiple consistency checks in-built in RELAX were 

performed using the schemes proposed. [20] 
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Structure calculation 

The structure calculation followed the established ensemble-based protocol [21-22] using 

the software packages eNORA2 [1] ([2] CYANA version) and CYANA. [23-24]  As input for the 

structure calculation we used upper and lower distance restraints from eNOEs together with 

backbone, Hβ and aromatic side-chain scalar couplings and conservative Φ and Ψ dihedral 

angle  restraints  derived  from 13Cα  chemical  shifts  (Tables  S1-S3). [25]  The  weight  of  the 

dihedral angle restraints was reduced to zero in the final steps of the structure calculation. 

Calculations were done with 50’000 torsion angle dynamics steps for 100 conformers with 

random torsion angles by simulated annealing. The multi-states structural ensembles were 

each calculated simultaneously and averaged. A weak harmonic well potential with bottom 

width of 1.2 Å was used to keep identical heavy atoms from the different states together. [10, 

21] The 20 conformers with the lowest final target function values were selected and analyzed. 

The calculated coordinates and the complete data set consisting of the eNOEs together with 

the upper/lower distance limit tables are deposited in the PDB under 6SVC, 6SVE and 6SVH. 

Table S1: Structural statistics and CYANA input data for the apo WW domain 
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Table S2: Structural statistics and CYANA input data for the WW domain in complex 
with pCdc25C 
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Table S3: Structural statistics and CYANA input data for the WW domain in complex 
with FFpSPR 
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Figure S1: The two states are preserved also for a ten-state structure calculation of 

apo WW as exemplified by the Ramachandran plot of Thr29. The Ramachandran plot of 

Thr29 of all the 20 conformers of the ten-state structure calculation (i.e. 200 conformers in 

total) is shown. While there are outliers, the two states of interest (highlighted by arrows; 

compare also with Figure 3) are still present. 



 10 

 

A

1
:0

0
:1

 p
o
p

u
la

ti
o
n

 o
f 
st

a
te

s
1
:1 118

120

Q
3

3
 ω

2
 (

  
N

) 
[p

p
m

]

A

2:8 8:21:11:9 9:14:6 6:43:7 7:3

1
:0

0
:1

 p
o
p

u
la

ti
o
n

 o
f 
s
ta

te
s

1
:1

+$
I r

e
l

  
  

  
  

  
A

3
1

 ω
2
 (

  
N

) 
[p

p
m

]
1

5
122

123

121

I r
e

l

B

C

B

C

1
5

D

ke
x
 [

1
0

0
 k

H
z]

1

2

3



 11 

Figure S2: Population determination of the states of apo WW domain.  (A) shows the 
CYANA target function (TF) of the two-state structure calculations versus various 
populations. For this a pseudo ten-state structure calculation was set up allowing only two 
distinct  states  with  various  populations  between  1:9  to  9:1  through  symmetry  restraints. 
These calculations differ thus from the multi-state structure calculations performed in Fig. 2 
explaining the different TF values. From the Figure it is evident that the TF cannot determine 
the populations between 1:9 and 9:1. The bars below show the area of populations for which 
the two-state structures including the correlation between Thr29 and Ala31 discussed in detail 
in the main text are conserved. In the case of the apo WW domain the same two states are 
present between 1:3 - 1:1, while in the case of the WW domain in complex with FFpSPR the 
same two states are obtained in the population range between 1:9 and 4:6. The color code 
used for the data is blue for apo WW, yellow for WW in complex with pCdc25C and red for 
WW in complex with FFpSPR. (B) Population determination via a WW titration experiment 
using the FFpSPR peptide using a T2-filtered [ 15N,1H]-HSQC experiment, which enhances 
the line broadening as can be seen by comparing the spectra in figure b with Figure 1. The 
decrease and increase of signal intensity during the titration are determined by the relative 
populations between the two states that interchange in the fast/intermediate time regime. The 
weakest signal is observed when the two states are equally populated (i.e. 1:1; yellow cross 
peak for Ala31, while for Gln33 the peak is very weak and its position is indicated by a dashed 
circle). In concert with the knowledge of the chemical shift population of the titration end point, 
the cross peak at population of 1:1 allows the determination of the chemical shift of the other 
state.  With  the  knowledge  of  the  chemical  shift  of  apo  WW  in  absence  of  ligand,  the 
population of the two states can be determined and is in the order of 1:3 as indicated. (C) 15N 
CEST NMR of Ala31 and Gln33 for the apo WW domain. As indicated by a blue arrow, the 
apo  WW  domain  shows  a  resonance  that  corresponds  to  the 15N  frequency  when  fully 
occupied with the FFpSPR ligand attributed to the chemical shift resonance of one of the 
allosteric states, while the cyan arrow indicates a resonance that is in line with the other state 
identified by the titration experiment described in (B). These data again indicate a population 
of about 1:3 between the two states. While the signal to noise ratio of the 15N CEST NMR is 
rather good as can be seen by the flat baseline, the saturation-derived signals are rather 
weak (i.e. the signals indicated by arrows), which may be attributable to the possibly rather 
fast exchange rate for CEST (see below). In addition, in the case of Gln33 between the main 
resonance and the blue-indicated state (i.e. between 118 and 119.5 ppm) there appear to be 
other  states  that  lie  between  the  two  extreme  states  identified  indicating  a  continuous 
sampling between the two states. (D) The exchange rate for individual amide moieties was 
determined using 15N relaxation measurements (i.e. T1, T2, and {1H}15N -NOEs) at two fields 
(i.e. 600 MHz and 900 MHz) and the chemical shift differences derived from the titration 
experiments (B) yielding an exchange of the two states in the 100 kHz regime. The exchange 
rates in addition with the analysed output data are also listed in Table S4.  
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Figure  S3:  Experimental  bidirectional  eNOE  buildups  (green  and  blue  dots)  versus 
time against back-predicted buildups of representative NOEs for single-state (pink) 
and two-states (black) ensembles calculated. In general, the two-states ensemble fulfils 
the data better than the single-state structure. For example, the last 33 HB2 – 34 H buildup 
is well fit by the two-state structure (black line), while not well fit in a one state structure 
calculation  (in  pink).  The  rather  significant  differences  are  due  to  the  power  to  the  six 
dependence  of  the  NOE  versus  1/distance.  The  back-predicted  buildups  were  calculated 
using  eNORA2  ([1]([2]  CYANA  version).  The  effective  distance  in  the  2  state  structure 
calculation is also listed. 
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Figure S4: Cross validation of the two-state ensembles using cross-correlated 
relaxation rates not used in the structure calculation.  Cross-correlated relaxation rates 
ΓHNiNi/HαiCαi + ΓHαiNi/HNiCαi were obtained as described in Material and Methods. The procedure 
for the back-calculation of the cross-correlated relaxation rates has previously been 
described in detail [3]. The increase of Pearson’s correlation coefficient R from the one-state 
structure to the two-state structure shows that the two-state structure calculation fulfils the 
cross-correlated relaxation data better than the one-state structure. In addition, the 
experimental cross-correlated relaxation rates were compared with back-calculated values 
using the x-ray structure (pdb 2ZQT). As these R values are rather low the x-ray structure 
does not fulfil the experimental data well. 
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Figure S5: Cross-validation test performed with a jackknife procedure shows that the 
experimental data for the two-state structure calculations are slightly overdetermined. 
In the jackknife procedure, the structure calculations were repeated twenty times with 5% (7 
times with 15%, and 5 times with 20%, respectively) of the experimental input data randomly 
deleted such that each distance restraint is omitted exactly once. The presence of the two 
states including the angular correlation between Ala31 and Thr29 discussed in the text was 
checked  as  exemplified  for  three  Ramachandran  examples  on  the  right.  If  in  the  entire 
calculation the two states including the angular correlation between Ala31 and Thr29 was 
observed the outcome was included in the bar at 100% (see middle Ramachandran plot). In 
the absence of a correlation between the two states (as exemplified with the top 
Ramachandran  plot),  the  bar  at  50%  (which  means  entirely  random)  was  added  a  value 
(bottom  plot).  Otherwise,  the  value  between  the  extremes  was  accordingly  added.  The 
vertical bar diagram summarizes the jackknife procedure and shows the robustness of the 
two-state structure calculations in the case of 5% data deletion for all three systems, while in 
the case of 15% data deletion only the WW in complex with FFpSPR was still robust.  
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Figure S6: Ramachandran plots for Ile28, Thr29 and Ala31 show the two states of Thr29 
and Ala31 in each of the structures determined.  The same color code is used as for the 
3D structures shown in Figure 3. In addition, the Ramachandran angle of the x-ray structure 
(pdb code 1PIN) is shown with a pink star.  
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Table S4: 15N relaxation data analysis by RELAX [4] 
 

 
Rex is the extracted motion slower than the rotational correlation time of the molecule at the two fields indicated. 
The kex are shown also shown in a graph representation in FigureS2D. The k ex and its error are rounded to the 
digit. **The data for Q33 was analysed at 288 K.  
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