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Abstract

Confined by the Boltzmann distribution of the energies of states, motion is inherent to
biomolecules. For a detailed understanding of a protein’s function, not only the 3D structure

but also the description of its dynamics is thus required. This is particularly important in the
elucidation of the nature of protein allostery. Protein allostery is a phenomenon involving the

long range coupling between two distal sites in a protein. Here we study the enzyme Pinl, which
features two flexibly thethered domains, the binding domain (WW) and the catalytic domain
(PPI), that undergo coupled structural rearrangements. We present multi-state structures of the
WW domain of the free form and in complex with two antagonizing ligands determined by
experimentally-derived exact nuclear Overhauser effect (eNOE) rates. We find that the two ligands
respectively strengthen and suppress the inter-domain allostery. In the absence of ligands, the
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protein undergoes a micro-second exchange between two states, one of which is predisposed to
interact with the catalytic domain, while the other one is not. In presence of the positive allosteric
ligand, the equilibrium between the two states is shifted towards the mode of ligand action,
suggesting conformational selection as proposed by Monod. In contrast, the allostery-suppressing
ligand decouples the side-chain arrangement at the interface into anti-correlated orientation and
dynamics, thereby reducing the inter-domain interaction. As such, this mechanism is an example
of dynamic allostery. The presented distinct modes of action highlight the power of the dynamics-
function interplay in the biological activity of proteins.
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1. Introduction

Allostery in proteins describes the process by which a signal such as ligand binding on one
site of a protein or protein complex is transmitted to another distal functional site thereby
regulating biological activities (Motlagh et al., 2014). Several models on the mechanism of
allostery have been postulated including the sequential mechanism (Koshland et al., 1966),
the conformational selection mechanism (originally termed the symmetric model; Monot
et al., 1963), and the dynamic allostery model (Cooper and Dryden, 1984). 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 exchanging states whose population
equilibrium shifts upon ligand 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
(Motlagh et al., 2014). The challenge is due to the availability of mostly low resolution, local
data in NMR — including relaxation studies (Kay, 2005; Kay et al., 1989) — or individual
determined 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 interesting and powerful approach (Swope et al., 2004, Noe et al.,
2006, Shaw et al., 2013, Olsson & Noe 2017, Olsson et al 2017).

Recent progress in NMR-based methods opened an avenue towards a more holistic
description of motion and ensembles of structures. These include residual dipolar coupling
(RDC) measurements, relaxation dispersion NMR experiments, cross-correlated relaxation
(CCR), paramagnetic relaxation 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 (Tolman et al, 1997,
Yao et al., 2008; Vallurupalli et al., 2008; Neudecker et al., 2007; Fuentes et al., 2006;
Fuentes et al., 2005; Dhulesia et al., 2008; Clore and Schwieters, 20044, Clore and

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Strotz et al.

Page 3

Schwieters, 2004b; Lindorff-Larsen, 2005; Bouvignies et al., 2005; Vogeli et. al. 2012;
Lange et al., 2008; Chi et al., 2015, Olsson et al, 2016).

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 A) of the
ensemble-averaged restraints obtained (Vogeli et. al. 2012; Chi et al., 2015; Nichols et al.
2017; Nichols et al. 2018) and applied it to a variant of the prototypical allostery-comprising
WW domain of Pinl (see Material and Methods section). Pinl is a peptidyl-prolyl cis-trans
isomerase (PPlase). Its biological significance includes amongst others an involvement in
the regulation of mitosis (Lu et al., 1996), a protective function against Alzheimer’s disease
(Ma et al., 2012), increase of hepatitis C infection (Lim et al., 2011) and it is overexpressed
in many human cancer cells (Lu et al., 2003). Pinl contains an N-terminal WW domain (the
name has its origin in the presence of two Trp residues) separated by a flexible linker from
the C-terminal catalytic PPlase domain (Ranganathan et al., 1997) (Fig. 1A).

The 34-residues-long N-terminal WW domain is thought to be responsible for ligand
recognition and binding as evidenced by NMR titration experiments (Fig. 1), the C-terminal
domain contains the catalytically active site. The two domains interact loosely via Loop

2 of the WW domain (i.e. residues 27-33) and the extent of interaction depends on the
ligand that binds at a distal Loop 1 (Bayer et al., 2003; Wilson et al., 2013; Guo et al.,
2015). One family of substrate (such as the peptide pCdc25C of interest here) reduces the
inter-domain contact, while other peptide families (such as the peptide FFpSPR of interest
here) enhance the inter-domain contact (Jacobs et al. 2003; Wilson et al., 2013; Peng, 2015).
These properties require a substantial allosteric cross-talk between Loop 2 and the ligand
binding site Loop 1 of the WW domain (Peng, 2015; Peng et al., 2007; Peng et al., 2009;
Morcos et al., 2010; Fenwick et al., 2014; Crane et al., 2000; Socolich et al., 2005; Russ

et al., 2005) as evidenced here by 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. 1). 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
interaction (Peng, 2015). 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 domain
as well as the WW domain in presence of either of the two peptide ligands FFpSPR and
pCdc25C.

Following an established protocol (Vogeli et. al. 2012; Chi et al., 2015) with the eNORA2
program (Orts et al., 2012, Strotz et al., 2017, CYANA version), ensemble structure
calculations were performed for all three systems with eNOE-based distance restraints (Fig.
2A) and scalar couplings (Supplementary Tables S1-S3 and Material for more details). In
Figure 2B, 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 structures, 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 (Fig. 2C). In a ten-state structure
calculation, the two states are still observed (as exemplified in the Ramachandran plot for
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Thr29 in Fig. S1) further supporting the two-state nature of the system. While the TF is an
insensitive measure for determining the populations of the two states (Fig. S2A), the details
of the two 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 (Fig. S2A).

In order to get further insights into the relative population of the two states, we conducted
titration experiments with FFpSPR. 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
(Fig. S2B). To strengthen this finding a 1°N-resolved CEST - [*°N,1H]-TROSY experiment
was measured for apo WW (Fig. S2C). The CEST data of the allosteric sites Ala31 and
GIn33 show the presence of two states, one corresponding to the fully FFpSPR-bound state
(Fig. S2C, blue arrow), while the other allosteric state can also be identified (Fig. S2C, cyan
arrow) and agrees well with the elucidation of the shifts of the two states by the titration
(Figs. S2B and S2C). Together 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.

Overall, these findings indicate that, in contrast to the single-state structure, multi-state
ensembles describe the experimental data well (Tables S1-S3). The agreement of the model
with the experimental data is also illustrated by the superposition of experimental NOE data
and back-calculated NOE buildups (Fig. 2A). The improvement of the model with respect to
the experimental data is shown even more explicitly by comparing back-predictions derived
from single-state structures in comparison to the model derived from two-state structures
(Fig. 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 (Fig. S4). Finally, a cross-validation test was performed with

a jackknife procedure that repeats the structure calculation twenty times with 5% of the
experimental 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 (Fig. S5). As a representative for the
following discussion, the two state ensembles described by a structural bundle of 2 x 20
conformers (Fig. 2) are used.

Inspection of the apo WW domain two-states ensemble reveals two spatially well-separated
states from the ligand-binding site Loop 1 via the backbone of the B-strand p2 and Asn26
to the inter-domain site Loop 2 (Fig. 3A). The two states are well separated both by the
side chains shown (i.e. Phe23, Phe25, Asn26, 11e28, Thr29, Asn30, Ala31) as well as the
backbone angles highlighted individually in Ramachandran plots (Fig. 3A). Since only one
set of chemical shifts is observed, it is suggested that the two states interchange in the
micro-millisecond time range in a concerted fashion.

Most interestingly, the two-state ensemble of the WW domain in presence of the positive
allosteric ligand FFpSPR just shifts the population of the two states towards the dark blue
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state. Thus, the FFpSPR peptide appears to select the dark blue state yielding the mode

of allosteric action to be conformational selection (Monot et al., 1963). The mechanism of
the allosteric coupling between ligand-binding Loop 1 and inter-domain interacting Loop 2
is further illustrated in Figure 4 (clay colored structure). The WW domain possesses two
distinct states 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 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 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 assume that the pCdc25C peptide selects the binding-
incompetent 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 (Fig. 2C). Furthermore, both
states are distinct in the backbone (represented by Ramachandran plots in Figure 3C) as
well as the side chains of Loop 2 (Fig. 3C). However, the backbone and side-chain states

in Loop 2 between residues lle 28/Thr 29 versus Ala 31 are anti-correlated with each other
when compared with the apo structure and the FFpSPR structure (Fig. 3). When lle 28/Thr
29 are close to the dark blue state of the apo structure, Ala31 is superimposable with the
cyan state, while if Ala 31 is close to the cyan apo structure, 11e28/Thr29 align with the

dark blue state of the apo structure. While upon local averaging over the two states the apo
structure is not distinguishable from the WW domain structure in complex with pCdc25C
as supported by minor observed chemical shift changes (Fig. 1), at any given time the side-
chain arrangement of 11e28, Thr29 and Ala31 is at odds with an inter-domain fit arrangement
and the inter-domain interaction is therefore significantly perturbed as highlighted by the
clay figure (Fig. 4B). 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 at any given time it is incompatible with interaction with the catalytic domain.
This is in contrast to FFpSPR peptide, which performs by the conformational selection
model. Thus, depending on the peptide not only the outcome of allostery but also the
mechanism of allostery is altered. This is possible since all the structural states involved
have similar energies with low activation barriers between them enabling different processes
and pathways by small perturbations. The mechanism of action of allostery in the WW
domain example shown here highlights the possible multi-dimensional interplay between
dynamics and structure that amount to evolutionary selection for fittest performance. It
further indicates the astonishing multifaceted possibilities this multi-dimensional dynamic
structure landscape possesses.
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Material and Methods

Preparation of samples

The Pin1-WW construct S18N/W34F was used because it behaves experimentally more
favorable and it is more resistant to aggregation than the wild-type (Crane et al., 2000, Price
et al., 2010). 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 £. co/iBL21/DE3
cells were grown in pre-cultures started from fresh glycerol stock. In 2L M9 cultures (with
either 15N NH,4CI or 15N NH,CI/ 13C glucose) the cells were grown form ODgqq 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,PO,4, 100 mM NaCl, 0.02 % NaNg3, 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 £. co/iBL21 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/23C- or 1°N-labeling. Cells were grown to an ODggq of 0.9. Protein
expression was initiated by adding 1 mM IPTG (isopropy! p-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/HCI, 200 mM NaCl).
The cells were lyophilized and spun at 40,000 g for 20 minutes. The supernatant was filtered
(0.4 um and 0.2 um filters) and loaded onto a nickel (I1)-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 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,PO,, 100 mM NaCl, 0.02 % NaNs, in 3 % D50 and pH

6.0 with sample concentrations of 1.2 mM WW domain or 0.4 mM full-length Pinl. 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
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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 (Ky) to the WW domain was determined to be 526 +/- 146 pM in line
with isothermal titration calorimetry (ITC) measurements (Supplementary Figure S2) that
yielded a similar affinity (Kg) of 158 +/- 70 uM (overall Kj, as opposed to binding site).
Correspondingly, the Ky for FFpSPR was determined to be 708 +/- 38 uM. Using the above
values the occupancy of the NMR samples were calculated as follows:

fraction = (Pt + Lt + Kq — ((Pt+Lt+ Kg) A2 — 4*Pt*Lt)A(1 /2)) / 2*Pt)

Where Lt and Pt are the ligand and protein concentration, respectively, in uM and the Ky
was the calculated Ky from NMR titrations (uUM).

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 (Delaglio et al., 1995), assignment was done in CcpNMR (Vranken et
al., 2005). The measurement and analysis of eNOEs using eNORAZ2 (Orts et al., 2012, Strotz
etal., 2017, CYANA version) was described previously in detail (Strotz et al., 2015), in
short: series of 3D [N, 13C]-resolved [*H, 1H]-NOESY-HSQC experiments were recorded
to measure NOE buildups (Vogeli et al., 2013). The inter-scan delay was 0.8 s. Simultaneous
[15N, IH]-HSQC and [13C, 1H]-HSQC elements were employed, following indirect proton
chemical shift evolution and [*H, 1H]-NOE mixing (z,). Diagonal-peak decays and cross-
peak buildups were measured with z,, of 20, 30, 40, 50, and 60 ms for all the three samples.

The [*°N, TH]-HSQC for full length Pin1 was recorded with 128(#) x 1024(&) real points
on a Bruker 700 MHz spectrometer. The maximal evolution times were fjmax 14 = 51.5 ms,
bmax 15N = 81.1 ms. The time-domain data were multiplied with a squared cosine function
in the direct dimension and cosine functions in the indirect dimensions and zero-filled to
1024 x 256 real points. Exponential (EM, with LB 25 Hz) window functions were applied
in both dimensions to the free induction decay and zero-filled to 1024 x 256 real points. The
final 2D saturation difference spectrum is the difference between the off-resonance and the
on-resonance irradiated [1°N, 1H]-HSQC spectra collected.

Titration experiments with the 13C,15N-labeled WW domain were done as follows: For

a fixed amount of labeled 1°N/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 [*°N, 1H]-HSQC spectrum for several resonances and averaged
thereafter.

The rotational correlation times . of the individual samples were determined using 1°N-
relaxation measurements as described previously in detail (Strotz et al., 2015) yielding a .
for the apo WW domain to be 4.25 ns at 5 °C and 1.2 mM concentration, a z. of 5.67 ns
for the WW domain in complex with pCdc25C at 5 °C and 1.2 mM concentration and a
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of 5.13 ns at 5 °C and 1.2 mM concentration for the WW domain in complex with FFpSPR,
respectively.

3JHN,Ha scalar coupling were measured as described previously in detail (Strotz et al.,
2015). 34q g scalar couplings were obtained from 3D 13Ca.-separated H*-HP in-phase
COSY (HACAHB-COSY) experiments (Grzesiek et al., 1995) in D,0. The experiment

was recorded with 50(MQ[Cal], &) x 54(HB, &) x 2048(Ha., #) complex points, giving
Hmax, 13 = 22.5 M8, bmax,1H = 10.8 Ms, f3max 11 = 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 x 512 x 2048 complex points. The Karplus
parameters used in structure calculations were from (Pérez et al., 2001). 3va,cyand 3JN,07
scalar couplings for aromatic side chains were obtained from 13C’-{13C7} and 1°N-{13C7 }
spin-echo difference [*°N,1H]-HSQC experiments (Hu et al., 1997) performed on a Bruker
600 MHz spectrometer. The experiments were recorded with 100(1°N, #) or 200(1°N, #) x
512(*HN, &) complex points, giving #max 15N = 50 MS OF fimax 158 = 100 Ms and &Hmax, 1+
=51.2 ms, respectively. 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 512
x 2048 complex points. The Karplus parameters used in structure calculations were from
(Pérez et al., 2001).

Cross-correlated relaxation rates I'ynini/Haicai T T HaiNi/HNicai 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”) (Pelupessy
et al., 1999) 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 (Fenwick et al., 2016; B.
Vogeli, 2017). The experiments were recorded with tyyg = 31.0 ms or tpg = 33.5 ms,
50(MQ[N,Cal], 4) or 55(MQIN, Cal], 4) % 36(N, &) x 512(HN, ) complex points, & max
=25.0 0r 27.5 ms, bmay 15N = 18.0 Ms, Bmax 14 = 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 x 128 x 2048 complex points. The
back-calculation of the cross-correlated relaxation rates followed the procedure described
previously in detail (\V6geli, 2010).

The 2D CEST-[1°N,1H]-TROSY spectra (Vallurupalli et al., 2012) were recorded on a
Bruker 700 MHz spectrometer for both 1°N-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(*°N, 1) x 512(*HN, &) complex points, giving fmax 15N = 16 Ms and Hmax 11 = 51.2 ms.
Along the 15N-CEST dimension 90 saturations were measured around the Ala31 and GIn33
resonances in steps of 8 Hz.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Strotz et al. Page 9

Structure calculation

The structure calculation ollowed the established ensemble-based protocol (Vogeli et al.,
2012, Vogeli, 2014) using the software packages eNORA2 (Orts et al., 2012, Strotz et al.,
2017, CYANA version) and CYANA (Guntert et al., 1997, Guntert, 2009). As input for

the structure calculation we used upper and lower distance restraints from eNOES together
with backbone, HB and aromatic side-chain scalar couplings and conservative ® and ¥
dihedral angle restraints derived from 13C® chemical shifts (Tables S1-S3) (Luginbuhl et al.,
1995). 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 A was used to keep identical heavy atoms from

the different states together (\Vogeli et al., 2012, Vogeli et al., 2013). 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: The 3D structure of Pinl 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 highlighted in red and labeled as
the inter-domain interface. 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 the 1°N-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 128-Q33 are residues in
the inter-domain interface). The black cross peak corresponds to the 1°N-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. us 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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Figure 2: Distance restraint collection and structure calculation.
A) Four experimental eNOE buildups of the apo WW domain (green and blue dots) versus

time are shown against back-predicted buildups of representative NOEs derived from the
calculated two-state (red) 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 fulfills the experimental data very well (see also Fig. S2).
The back-predicted buildups were calculated using eNORAZ2 implemented in CYANA (Orts
etal., 2012, Strotz et al., 2017, CYANA version). B) eNOE-derived distance restraints
around Trpl1l of apo WW are mapped onto the 3D structure indicating the large size of

the data set. Residues of and around Trp11 are shown in yellow and ribbon and stick
representation in 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 information obtained by eNOE-based structure determination. C) CYANA target
function (TF) values of various ensemble-based structure calculations 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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Figure 3: Two-state structural ensemble of (A) apo WW, 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 were 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, respectively. The two states of the catalytic-domain interacting Loop 2
are enlarged as indicated. In addition, the Ramachandran plots for 1e28, Thr29 and Ala31
are shown with the same color code as in the structures. The Ramachandran angle of the
x-ray structure (pdb code 1PIN) is shown with a pink star.
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Figure 4: Allosteric mechanisms of action of the WW domain.
A) The apo form of the WW domain (represented by a pink clay form) is undergoing

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 yellow-red) or the negative allosteric peptide pCdc25C (shown in black) two distinct
allosteric mechanisms are active. The positive allosteric ligand FFpSPR selects the catalytic-
interacting state enhancing interaction with the catalytic domain (arrow to the right). This
mechanism is thus based on the conformational selection as proposed by Monod. 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 side.
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