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Protein Allostery at Atomic Resolution
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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 Pinl, multistate structures were
calculated from exact nuclear Overhauser effect (eNOE). In its
free form, the protein undergoes a microsecond exchange
between 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 arrangement at the inter-domain interface
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 interplay
between dynamics and function in the biological activity of
proteins.
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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.!! Several models
on the mechanism of allostery have been postulated including
the sequential mechanism,” the population shift model
(including the conformational selection mechanism originally
termed the symmetric model; Monod®), and the dynamic
allostery model.*! 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.!! The challenge is
due to the availability of mostly low resolution, local data in
NMR—including relaxation studies®—or individual deter-
mined 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.’!!

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), paramagnet-
ic relaxation enhancement (PRE), and exact Nuclear Over-
hauser Enhancement or Effect (¢eNOE) data in combination
with molecular dynamics simulation, structure prediction
software, or ensemble-based structure calculations.'>2]

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®*-?-?! and applied it
to a variant of the prototypical allostery-comprising WW
domain of Pinl (see the Material and Methods section in the
Supporting Information). Pinl is a peptidyl-prolyl cis-trans
isomerase (PPlase). Its biological significance includes
amongst others an involvement in the regulation of mitosis,””!
a protective function against Alzheimer’s disease,”” increase
of hepatitis C infection®! and it is overexpressed in many
human cancer cells.”” Pinl contains an N-terminal WW
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domain (the name has its origin in the presence of two Trp
residues) separated by a flexible linker from the C-terminal
catalytic PPIase domain (Figure 1 A).!

The 34-residues-long N-terminal WW domain is thought
to be responsible for ligand recognition and binding as
evidenced by NMR titration experiments (Figure 1), the C-
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terminal domain contains the catalytically active site. The two
domains, which interact loosely via Loop 2 of the WW domain
(i.e. residues 128-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-R21.543 One family
of substrate (such as the peptide pCdc25C of interest here)
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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 is 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 "*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) measured by ["°N,'H]-HSQC experiments. The black cross peak corresponds to the °N-'H
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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reduces the inter-domain contact, while other peptide families
(such as the peptide FFpSPR of interest here) enhance the
inter-domain contact.”>**! 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.***! 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).P54-4-51 Fyrthermore, 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 (Figure 1).5% 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.
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Results

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

Following an established protocol®?! with the eNORA2
program!* (1“1 CYANA version), ensemble structure calcu-
lations were performed for all three systems with eNOE-
based distance restraints (Figure 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 (Figure 2C). In a ten-
state structure calculation, the two states are still observed (as
exemplified 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
populations of the two states (Figure S2A), the details of
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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
eNORA?2 implemented in CYANA®! (7). 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
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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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 (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 [°’N,'"H]-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 *N-resolved CEST—
[*N,'H]-TROSY experiment was conducted for apo WW
(Figure S2C). The CEST data of the allosteric sites Ala31 and
GIn33 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. °N 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.
11e28, Asn30, Ala31, Ser32, and GIn33) 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
experimental 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 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 (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 exper-
imental 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 2x20 con-
formers (Figure 2) are used.

Angew. Chem. Int. Ed. 2020, 59, 22132 -22139
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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 3-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. Argl4, Metl5, Ser16, Ser19, Tyr23, Phe25, Asn26,
T1e28, Thr29, Asn30, Ala31, GIn33) as well as the backbone
angles for Thr29 and Ala31 highlighted in Ramachandran
plots (Figure S6). 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 between
the side chain of the ligand binding site (such as Argl4,
Metl15, Serl6, Ser19, Tyr23 and possibly Phe25) to the side
chains of the inter-domain interaction site (i.e. I1e28, Thr29,
Asn30, Ala31 and GIn33) via the backbone of the §-strand 32
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
representing the two states (Figures 3D 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 3E) between the two side
chains of Thr29 and Ala31 as illustrated in Figure 3D 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 Ram-
achandran 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 conforma-
tional selection.”!

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 domaln 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-
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 (Figure 2 C). Furthermore, both states are distinct in
the backbone (represented by Ramachandran plots in Fig-
ure S6) as well as the side chains of Loop 2 (Figure 3 C and D).
However, the backbone and side-chain states in Loop 2
between residues I1e28/Thr29 versus Ala31 are anti-corre-
lated with each other when compared with the apo structure
and the FFpSPR structure (Figure 3D). 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 3D and E. In detalil,
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 averaged over the two states the apo structure is
locally not distinguishable 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 differently because the dynamics altered. The
pCdc25C peptide—WW domain complex can thus be re-
garded 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 3D
and E).

Pin1-WW
A

Pin1-PPiase
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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,* while the peptide FFpSPR
enhances this inter-domain contact.’>3 Since Loop 2 is the
side of the WW domain which interacts with the PPlase
domain, the above findings on the two states on Loop 2
(Figure 3) give insights into the mechanism of positive and
negative influence on the interaction between the two
domains. For this the WW domain structures of all three
systems studied 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 corresponding blue and red states, respectively.
Since the predicted clash is not possible because of very large
van der Waals energies, 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.[*-*"-3
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 demonstrated.*¥7-*

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
domain 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 inter-
change between the catalytic domain-binding competent and
non-competent states of Loop 2 in the micro-second time

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-PPlase is shown in pink, cut from the front in order to illustrate the eventual clashing of the WW
domain with the Pin1-PPlase domain. Note, there is only a clash if the center of the spheres of the WW domain are visible inside the PPlase. The
inspection of the figures shows that in (A) the cyan state clashes with the pink PPlase domain, while the blue state does not; in (B) the yellow
state clashes with the PPlase domain, while the red state does not, and in (C) both the black and grey states clash with the PPlase domain.

Angew. Chem. Int. Ed. 2020, 59, 2213222139

© 2020 Wiley-VCH GmbH

An dte

www.angewandte.org 22137


http://www.angewandte.org

22138

Research Articles

An dte

Chemie

Internatic

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 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 orange) or the negative allosteric peptide pCdc25C (shown in black) two distinct allosteric mechanisms 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.

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 contrast, in complex with pCdc25C both Loop 2 con-
formations 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 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.
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Conclusion

There are several mechanisms of action of allostery
including the population shift model and the dynamic
allostery model. Because of recent advances in NMR
methodology a large collection of highly accurate experimen-
tal 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, inferring 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 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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