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Abstract

A local perturbation of a protein may lead to functional changes at some distal site. An

example is the PDZ2 domain of human tyrosine phosphatase 1E which shows an allosteric

transition upon binding to a peptide ligand. Recently Buchli et al. presented a time-resolved

study of this transition by covalently linking an azobenzene photoswitch across the binding

groove and using a femtosecond laser pulse that triggers the cis-trans photoisomerization of

azobenzene. To aid the interpretation of these experiments, in this work seven microsecond

runs of all-atom molecular dynamics simulations each for the wild-type PDZ2 in the ligand-

bound and -free state, as well as the photoswitchable protein (PDZ2S) in the cis and the trans

state of the photoswitch, in explicit water. First the theoretical model is validated by recalcu-

lating the available NMR data from the simulations. By comparing the results for PDZ2 and

PDZ2S, it is analyzed to what extent the photoswitch indeed mimics the free-bound transition.

A detailed description of the conformational rearrangement following the cis-trans photoiso-

merization of PDZ2S reveals a series of photoinduced structural changes, that propagate from

the anchor residues of the photoswitch via intermediate secondary structure segments to the

C-terminus of PDZ2S. The changes of the conformational distribution of the C-terminal region

is considered as the distal response of the isolated allosteric protein.

Keywords: PDZ domain, allosteric response, intramolecular signaling, principal component

analysis,
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Introduction

A local perturbation in a biological macromolecule may affect the function of distal sites of the

molecule. This phenomenon denoted as allostery is central to many physiological processes.1,2

The perturbation may be a binding event, posttranslational modification, mutation, or light absorp-

tion. Traditionally, allostery has been interpreted in terms of structural changes3 or shifts in the

populations of alternative conformations.4 More recently it has been suggested that allostery may

also be of dynamic origin with only marginal changes in average structure,5–9 or that simultaneous

changes in structure and dynamics play a significant role.10 Driven by ongoing progress in exper-

imental and theoretical methodology, there has been considerable effort to obtain a microscopic

understanding of allosteric interactions and pathways.11–43

A well-studied example for systems showing ligand-induced allostery are modular domains

for protein-protein interactions denoted as PSD95/Discs large/ZO-1 (PDZ) domains.11–20 These

domains occur in a set of proteins typically associated with cell junctions and mediate the clustering

of membrane ion channels by binding to their C-termini.15–17 PDZ domains share a common fold

which consists of two α-helices and six β -strands, with the second α-helix and the second β -strand

forming the canonical binding groove (Figure Figure 1).18–20 An example is the PDZ2 domain of

human tyrosine phosphatase 1E, a protein involved in the regulation of multiple receptor-coupled

signal transduction pathways including programmed cell death.11 Structural models of the PDZ2

domain based on experimental data suggest that the binding groove opens upon binding. That is,

the Cα -distance between residues 21 and 76 (green line in Figure Figure 1) increases by 0.08 nm in

crystals.16 The nature of the subsequent ligand-induced intramolecular signaling process, however,

remains a matter of debate, although various proposals of signaling pathways exist.30–38

To facilitate a dynamic perspective of the allosteric mechanism, recently Buchli et al.45 pre-

sented a time-resolved study of the transition from the free to the bound state of PDZ2 triggered by

a molecular photoswitch.46–51 By covalently linking an azobenzene photoswitch across the bind-

ing groove and using a femtosecond laser pulse that affects the cis → trans photoisomerization of

azobenzene, they were able to initiate a conformational change similar to the free-bound transition.

The photoswitch was attached at residues 21 and 76 of PDZ2 (Figure Figure 1), because the Cα dis-

tances between these anchor residues in the free and bound state closely match the linear extension

of the photoswitch in the cis and the trans state, respectively. In the remainder of the article, we

refer to the photoswitchable protein as PDZ2S and to the wild-type system as PDZ2. Employing

NMR spectroscopy and molecular dynamics simulations, Buchli et al. derived structural models

of PDZ2S in the cis and the trans state, which indicate that the Cα distance between the anchor

residues increases by about 0.2 nm upon switching from the cis to the trans state. Employing

ultrafast vibrational spectroscopy, they showed that the conformational rearrangement of PDZ2S

occurs in a highly nonexponential manner on various timescales from pico- to microseconds.

To aid the interpretation of the experimental results of Buchli et al., in this work we present

a comprehensive molecular dynamics (MD) simulation study of PDZ2S. Starting from the NMR

structures of PDZ2S in the cis or the trans state, and PDZ2 in the ligand-free and -bound state, for

each system seven microsecond runs of all-atom MD simulations in explicit water are performed

and analyzed in detail. To validate the theoretical model, we first recalculate the available NMR
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Figure 1: Structure of PDZ2S-cis (left) and PDZ2S-trans (right) as obtained from representative

MD snapshots, respectively, showing α-helices and β -sheets in red, loop regions in blue, and

the azobenzene photoswitch including linker atoms in yellow. Labels in the left panel indicate

the regions β1 (residues 6 – 12), β2 (20 – 23), β3 (35 – 40), α1 (45 – 49), β4 (57 – 61), β5 (64 –

65), α2 (73 – 80), and β6 (84 – 90). The most important loops connecting these regions are β1-

β2 (13 – 19), β2-β3 (24 – 34), β3-α1 (41 – 44), and α2-β6 (81 – 83).44 The green lines in the right

panel indicate selected long-range distances which change significantly during the conformational

transition following cis-trans photoisomerization of PDZ2S (see Fig. Figure 6).

data from the simulations. By comparing the results for PDZ2S and PDZ2, we then study possible

effects of the photoswitch on the conformational distribution and dynamics of PDZ2, in order to

analyze to what extent the photoswitch may mimic the free-bound transition. Finally we focus on

the conformational rearrangement following the cis-trans photoisomerization of the azobenzene

photoswitch. We identify a series of photoinduced structural changes that propagate from the an-

chor residues of the photoswitch via intermediate secondary structure segments to the C-terminus

of PDZ2S. The changes of the conformational distribution of the C-terminal region is considered

as the distant structural response or the ’allosteric response’ of the isolated allosteric protein.
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Methods

Simulation set-up

Using GROMACS with a hybrid GPU-CPU acceleration scheme,52 PDZ2S-cis and PDZ2S-trans

were simulated in aqueous NaCl solution for a total timescale of 7 µs each. The protein was

described using the Amber99sb∗-ILDN53–55 force field, the water by the TIP3P56 model, and the

ions with the model of Ref.57 To obtain the force field parameters for the azobenzene photoswitch

and the attached cysteine side chains, the structure of the switch and the side chains in the cis

and the trans conformation was optimized on the B3LYP/6-31G* level using the GAUSSIAN g09

program suite.58 For both minimized structures the electrostatic potential was computed using the

Hartree Fock method and the 6-31G* basis set. For the multiconformational restrained electrostatic

potential59 the Cβ partial charges of the Cys residues were constrained to the value given in the

Amber99sb∗-ILDN force field. To obtain the missing bond parameters for the sulfonate groups,

the antechamber tool was employed.60 The side chains of all four histidine residues (33, 54, 72,

and 87) of PDZ2S were chosen electrostatically neutral (mono-protonated). The lengths of bonds

involving hydrogens were constrained,61 allowing for a 2 fs time step. Long-range electrostatic

interactions were evaluated in reciprocal space using Particle-Mesh Ewald62 with a maximum

spacing for the FFT grid of 0.12 nm and an interpolation via a 6th order polynomial. The minimal

cut-off distance for electrostatic and van der Waals interactions was set to 1.2 nm. More details on

the setup are provided in the SI.

The initial configuration of PDZ2S-cis and -trans were taken from Buchli et al.45 (PDB en-

tries 2M0Z and 2M10). Compared to the wild-type protein, PDZ2S contains an additional glycine

residue at the N-terminus (residue 0), residues Ser-21 and Glu-76 were mutated into cysteines

which are covalently attached to the azobenzene photoswitch, and two residues (Pro-95 and Thr-

96) were appended at the C-terminus. The sequence of PDZ2S is given in Table S1. Using periodic

boundary conditions, the protein was placed into a dodecahedral box of linear size 5.8 nm filled

with 4071 water molecules and one Cl− ion to counterbalance the positive net charge of the protein.

To mimic a salt concentration of 150 mM according to the NMR and the IR experiments, 14 Na+

and 14 Cl− ions were added. The system was relaxed to a local energy minimum using the steep-

est descent method. Subsequently, a 10 ns NPT simulation with harmonic restraints on the protein

was conducted. The temperature of 300 K was maintained via the velocity rescaling algorithm63

(0.1 ps relaxation time) and the pressure P = 1 bar was controlled using the weak coupling method

of Berendsen.64 The final configuration was taken, and the box was scaled such that the box vol-

ume was equal to the average volume of the second half of the NPT simulation. Subsequently,

the system was simulated for 1 µs without harmonic restraints using an NV T ensemble. Finally

a 1 µs NV T production run was performed, saving atom coordinates every 20 ps. The configura-

tions of this simulation at times 0 – 500 ns in steps of 100 ns and velocities drawn from Maxwell

distributions were taken as initial conditions for six further NV T simulations. The initial 50 ns of

these simulations were considered as relaxation period and thus discarded. For comparison, also

PDZ2 in the free state as well as binding the C-terminal peptide from the guanine nucleotide ex-

change factor RA-GEF-2 were simulated similarly, starting from structural models derived from

x-ray crystallography (PDB entries 3LNX and 3LNY).16
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Analysis methods

Apart from various standard methods described in the Results section, we used the following defi-

nitions for the analysis of the trajectories.

Dihedral angles Backbone dihedral angles α = φi,ψi of PDZ2S from the MD simulations were

compared to experimental values obtained from the program TALOS+,65 which uses empirical

relationships between chemical shifts and observed backbone dihedral angles. To avoid issues due

to the periodicity of the dihedral angles, they were transformed according to x(α) = cosα and

y(α) = sinα .66 For both experimental and simulated dihedral angles, the average values of x(α)

and y(α) were evaluated and the corresponding standard error was determined by block averaging,

dissecting the set of trajectories into two distinct sets. In this way, we calculated for each backbone

dihedral angle α , the difference ∆2 = (x(αMD)−x(αexp))
2+(y(αMD)−y(αexp))

2 and determined

the standard error d∆2 via error propagation. A backbone dihedral angle was considered to deviate

from experiment if ∆2 > d∆2.

NOE distances To obtain NOE distances Ri j between two atoms i and j from the MD simu-

lations, we calculated for each of the trajectories the quantity R−6
i j,k = 〈r−6

i j 〉k, where k = 1, . . . ,7

labels the individual trajectories and the average goes over all frames of the trajectory as well as

over atoms that cannot be distinguished in these experiments (see SI). We next computed the mean

R−6
i j = 1/7 ∑k=1,7 R−6

i j,k and the standard error σ−6
i j of this mean. The statistical error of the NOE

distances Ri j is derived via error propagation as σi j = σ−6
i j (R−6

i j )−7/6. A given NOE distance was

considered to be violated if the calculated lower bound Rlow
i j = Ri j −σi j is larger than the experi-

mental upper bound R
exp
i j .

Secondary structure The definition of secondary structure content is based on the existence of

hydrogen (H) bonds within the protein’s main chain using DSSP67 with an energy cut-off criterion

according to the following definitions. An n−turn is characterized by a H bond between residues

i and i+ n. Two or more consecutive n-turns form an n-helix. The case n = 4 indicates an α-

helix and n = 3 a 310-helix. Two strands joined by H bonds involving alternating residues on each

participating strand indicate a β -sheet if each strand contains at least two residues.

Residue-residue contacts For each pair of residues i 6= j, the distance ri j was defined as the

minimal distance between any atom of i and any atom of j. If ri j < 0.45 nm, the residues were

considered to be in contact. Denoting the contact probability of residues i and j by Pi j, the change

∆Pi j = Ptrans
i j −Pcis

i j upon cis-trans photoisomerization was calculated and listed in Table Table 1 if

|∆Pi j| ≥ 0.3.

Hydrogen bonds As usual, a H bond was considered to be formed if the donor-acceptor distance

is below 0.36 nm and the hydrogen-donor-acceptor angle is below 35◦.
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Results and discussion

1. Comparison to experiment

RMSD Figure Figure 2 shows the distribution of root mean square deviations (rmsd) of con-

figurations of PDZ2S-cis and -trans with respect to the corresponding NMR structures,45 as well

as the rmsd of configurations of PDZ2-free and -bound with respect to the corresponding x-ray

structures.16 PDZ2-free shows a bimodal distribution, indicating (at least) two conformational sub-

states. The average rmsd is (0.16 ± 0.01) nm for PDZ2-free, (0.14 ± 0.01) nm for PDZ2-bound,

(0.29 ± 0.01) nm for PDZ2S-cis, and (0.30 ± 0.02) nm for PDZ2S-trans. The average rmsd of

PDZ2 in the free and the bound state are comparable to the resolution of the corresponding x-ray

experiments, which were 0.164 nm for the free state and 0.130 nm for the bound state,16 giving

some confidence in the reliability of these simulations. The average rmsd of PDZ2S, on the other

hand, are two-fold larger than the corresponding average rmsd of PDZ2, indicating significant de-

viations from the structural models inferred from experiment. As an illustration, Figure S1 shows

the time evolution of the rmsd of PDZ2S, which reveals that some parts of the trajectories (e.g.,

simulation 1 of the cis state after 850 ns) sample regions of phase space that are not populated by

the other MD runs. In fact it has been discussed that, compared to X-ray crystallography, NMR-

derived structures have on average higher internal strain and are more likely to diverge in MD

simulations.68
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Figure 2: Calculated distributions of the rmsd of PDZ2 in its free and bound state as well as of

PDZ2S in its cis and trans state.

Conformational distribution To obtain a global view of the structural distribution of PDZ2S

from the MD simulations and the NMR models, we performed a principal component analysis

(PCA) on the Cα atoms.69 The corresponding covariance matrix was determined from the merged
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simulation trajectories of the cis and the trans state. To ensure that this strategy results in well-

defined reaction coordinates, we have also performed separate PCAs on the cis and the trans

trajectory, respectively (see the discussion of Figure S12 in the SI). Using the two principal com-

ponents with the largest variance, PC1 and PC2, Figure Figure 3(top) shows the resulting free

energy landscape of PDZ2S-cis and PDZ2S-trans. The cis and the trans state is seen to exhibit

seven and three prominent minima, respectively. The overall population of these regions with free

energies below 2kBT is 55 % for the cis and 48 % for the trans state. The conformational rear-

rangements associated with the first few PCs mainly account for structural changes of the flexible

loops (particularly β1-β2 and β2-β3), which in turn affect an overall spatial rearrangement of the

β -sheets and α-helices of PDZ2S, see Figure Figure 3(bottom). Specifically, PC1 accounts for the

motion of the β2-β3 loop towards the C-terminal loop, while PC2 reflects the motion of the β1-β2

loop towards the α1-helix and the opening of the binding groove.

Figure 3: (Top) Free energy (in units of kBT ) as a function of PC1 and PC2 from a principal com-

ponent analysis on the Cα atoms on the merged trajectories of PDZ2S-cis and PDZ-trans, shown

for (left) the cis and (right) the trans state. The positions of the respective NMR structures are in-

dicated by black squares. (Bottom) Structural evolution along PC1 and PC2, showing the protein

in ribbon representation and the azobenzene switch including linkers in stick representation. The

colors distinguish between three different structures along the respective PC.

For comparison, the position of the NMR structures with lowest energy is indicated. The

reason for their much narrower structural distribution is presumably that the NMR structures are

motionally averaged to a certain extent, with the NMR observables like NOE distances applied

as instantaneous restraints to picosecond MD simulations. This is by far not as sophisticated as

sampling configurational space using microsecond MD simulations as done in the present work. A

much more stringent comparison between simulation and experiment is therefore obtained, if one

directly calculates NMR observables (backbone dihedral angles and NOE distances) from the MD

trajectories.
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Backbone dihedral angles Among the 73 residues for which experimental TALOS+ estimates

for backbone dihedral angles were available (see Methods), deviations from experiment were ob-

served for 2 residues (3 %) in the cis and 4 residues (5 %) in the trans state. A dihedral angle

α = φ , ψ was considered to deviate from experiment if the corresponding confidence intervals

[αexp−∆αexp,αexp+∆αexp] and [αMD−∆αMD,αMD+∆αMD] do not overlap. Here, αexp and αMD

denote the estimates for the average value for α from experiment and simulation, while ∆αexp and

∆αMD are the uncertainties of the estimates. In particular, ∆αMD is the standard error obtained via

the estimates from individual trajectories. In the cis state, deviations are seen for residues Cys-21

and Val-26 (β2 region), in the trans state residues Lys-13 (β1 region), Glu-67 and Gly-68 (β5-α2

loop), and Cys-76 (α2-region) differ from experiment. These cases are described in Table S2 and

their Ramachandran plots from the simulations are shown in Figures S3. The latter reveal that

residues exhibiting deviations show an equilibrium between multiple secondary structure motifs.

This is in contrast to the assumption underlying the experimental assignment that only a single

motif applies, which limits the significance of these experimental results.

NOE distances The most important NOE distances are those between residues i and j with

j > i+ 3, which we denote as long-range NOEs. The NMR experiments provided 877 NOEs

(including 289 long-range NOEs) for PDZ2S-cis and 992 NOEs (including 316 long-range NOEs)

for PDZ-trans. The MD simulations violated 8 % of all and 9 % of the long-range NOEs for

PDZ2S-cis, and 8 % of all and 10 % of the long-range NOEs for PDZ-trans. The violated long-

range NOEs, 28 for cis and 34 for trans, are listed Tables S3 and S4. They correspond to an

average distance deviation of 0.04(±0.04) nm for cis and 0.07(±0.04) nm for trans. Seven of these

violations involved Ala-60, whose NMR peak strongly overlapped with that for Thr-96. Moreover,

24 violations involved residues close to the very flexible C-terminal region (N ≥ 88).

Secondary structure It is interesting to what extent the overall good agreement between experi-

mental and simulated NMR data is reflected in the predicted secondary structure of PDZ2S. Figure

S4 compares the fraction of β -sheet and α-helical conformations of the individual residues (see

Methods for definition) for PDZ2S-cis and PDZ2S-trans, as obtained from the simulations and the

structural models derived from the NMR data. In the NMR structures, the β -sheet conformations

in regions β1 to β4 and β6 as well as α-helical conformations in regions α1 and α2 are present

in 100 % and β -sheet conformations of the β5 region are present in 80 % of the structures. In the

MD simulations, β -sheet conformations are present in 100 % of the configurations in regions β1

and β4−6, while they are somewhat destabilized in regions β2 and β3. Residues in α1 feature 60%

α-helical structures. In α2 we have 60% α-helical and 10 –40 % 310-helical conformations for

PDZ2S-cis and 100 % α-helical conformations for PDZ2S-trans.

2. Effect of the photoswitch on the PDZ2 domain

Rmsd and rmsf Next we wish to investigate to what extent the photoinduced conformational

rearrangement in PDZ2S mimics the ligand-induced conformational change in wild-type PDZ2.

9



The distributions of the rmsd pertaining to PDZ2S and PDZ2 shown in Figure Figure 2 already

indicated that the conformational distribution of PDZ2S is considerably more heterogeneous as

in the case of PDZ2. Given that the variance of the rmsd is significantly larger for PDZ2S than

for PDZ2, at first sight the photoswitch apparently leads to some destabilization of the protein.

Assuming that our simulations only sample the folded state of both PDZ2S and PDZ2, though, the

higher flexibility of PDZ2S versus PDZ2 observed in our simulations might indicate that the folded

state of PDZ2S has a higher entropy than the folded state of PDZ2. In addition, the cross-link

between residues 21 and 76 for PDZ2S is expected to decrease the entropy of the unfolded state of

PDZ2S compared to the unfolded state of PDZ2. Both effects would imply an entropic stabilization

of the folded state for PDZ2S versus PDZ2. A slight stabilization of the folded state for PDZ2S

compared to PDZ2 is indeed suggested from experiments by CD spectroscopy revealing that the

melting temperature is higher for the photoswitched system (44 ◦C for PDZ2S-cis and 42 ◦C for

PDZ2S-trans) than for the wild-type system (38 ◦C for free PDZ2).70
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Figure 4: Root mean square fluctuations of the Cα atoms of PDZ2 in its free and bound states and

of PDZ2S in its cis and trans states. The green arrows at position 21 and 76 indicate the anchor

residues of the photoswitch.

A similar picture is obtained from the root mean square fluctuations (rmsf) of the Cα atoms for

PDZ2-free and -bound as well as PDZ2S-cis and -trans (Figure Figure 4). As expected, the pho-

toswitched systems show enhanced fluctuations of the terminal residues as well as in the various

loops. Ligand binding of the wild-type system hardly changes the Cα fluctuations, except that the

rmsf of the β2-β3 loop become somewhat smaller. Upon attachment of the photoswitch at residues

21 and 76, the overall rmsf increase by roughly a factor 2. In particular the loops β1-β2, β2-β3,

β3-α1, and β5-α2 are found to exhibit elevated flexibility. Notably, the rmsf of PDZ2-bound and

PDZ2S-trans are more similar than are the rmsf of PDZ2-free and PDZ2S-cis. This indicates that

PDZ2S-trans is closer to the wild-type system than PDZ2S-cis.
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Secondary structure To compare the secondary structure of the wild-type and the photoswitch-

able protein, Figure Figure 5 shows the content of β -sheet and α-helical conformations of the

individual residues as obtained by DSSP (see Methods). In the wild-type system, all β -sheets (β1

to β6) and the α2-helix are completely stable, the α1-helix is found in 60% of the time, and some

310-helical structures occur in the β1-β2 loop. The attachment of the photoswitch at residues 21

and 76 leads to a destabilization of the β -sheets β2 and β3. In PDZ2S-cis, moreover the α2-region

is somewhat destabilized and also shows some 310-helical structures. This is a consequence of the

fact that in PDZ2S-cis the photoswitch tightly restrains the width of the binding pocket, signifi-

cantly more than in the wild-type unbound PDZ2.
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Figure 5: Secondary structure of (from top to bottom) PDZ2 in free and bound, as well as PDZ2S

domain in cis and trans state. Shown is the content of β -sheet (red), α-helical (blue), and 310-

helical conformations (green) of the individual residues as obtained by DSSP. The dashed lines at

position 21 and 76 indicate the anchor residues of the photoswitch.

Tertiary structure As discussed below, the main structural change associated with the confor-

mational transition in PDZ2S is reflected in the overall spatial rearrangement of its β -sheets and α-

helices. These changes in tertiary structure can be monitored through long-range distances between

the secondary structure elements. As an example, we consider the distribution of representative

distances between remote residues, which change significantly during the free-bound transition of

PDZ2 (Figure S5) and the cis-trans transition of PDZ2S (Figure Figure 6), respectively. The dis-

tances monitor conformational changes starting with the binding site, via intermediate secondary

structure elements, to the C-terminus, see the discussion below. In general, the structural changes

in the wild-type system are more subtle than the more substantial changes in PDZ2S, particularly

in the vicinity of the photoswitch.
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Figure 6: Various distance distributions that change significantly as a consequence of the photoiso-

merization of PDZ2S from cis (black curves) to trans (red curves). (A) The opening of the binding

pocket is monitored by the Cα -distance d21,76 between the anchor residues Cys-21 and Cys-76 of

the photoswitch. (B) At the Cys-76 end, we find a stabilization of the α2-helix via the formation

of three (n,n+4) H bonds, which is exemplified by the distribution of minimum distance between

Gln-73 and Thr-77. (C) At the Cys-21 end, we observe a compacting of the β1-β2 loop, monitored

by its end-to-end Cα -distance d14,20. (D) The allosteric response at the C-terminal region can be

characterized by the formation of two contacts between the C-terminal loop and β1-β2 loop, exem-

plified by the minimum distance between residues Val-30 and Pro-95. (E) Moreover, we observe

a significant change of the conformational distribution of the C-terminal loop, monitored by its

end-to-end distance d91,94. (F) In total, the conformational transition affects an overall compacting

of PDZ2S-trans compared to PDZ2S-cis, which is revealed by the corresponding distributions of

the radius of gyration.

3. Characterization of the conformational rearrangement

We now focus on the conformational transition of PDZ2S subsequent to cis-trans photoisomeriza-

tion. To this end, we first recall some main findings made above. Figure Figure 3 revealed that

the conformational distribution in PDZ2S-cis is significantly more heterogeneous than in PDZ2S-

trans. This is in line with the observation that PDZ2S-cis exhibits larger fluctuations than PDZ2S-

trans (Figure Figure 4) and that the α2-helix is more stable in PDZ2S-trans (Figure Figure 5). As

discussed in the following, this overall stabilization of PDZ2S-trans compared to PDZ2S-cis is a

consequence of changing residue-residue contacts and H bonds, which are listed in Table Table 1.

Moreover, the conformational rearrangement is characterized by changes of the backbone dihe-

dral angles (Table S5 and Figures S6 - S11) and the long-range distance distributions shown in
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Figure Figure 6.

Based on the structural differences between PDZ2S-cis and PDZ2S-trans and their sequential

and spatial distance to the photoswitch, a series of photoinduced structural changes may be in-

ferred. As the azobenzene photoswitch is attached to the side chains of Cys-21 (in the β2-strand)

and Cys-76 (in the the α2-helix), we describe the induced structural changes starting from these two

anchor residues. Initially, the cis-trans photoisomerization opens the binding pocket of PDZ2S, as

is nicely seen from the shift of the corresponding Cα -distance d21,76 in Figure Figure 6A. We note

that the distribution of d21,76 is significantly narrower in PDZ2S-trans than in PDZ2S-cis. This

is another manifestation of the fact that PDZ2S-cis shows numerous co-existing conformational

states, while PDZ2S-trans exhibits a much smaller structural heterogeneity (Figure Figure 3).

As Cys-76 is located in the middle of the α2-helix, the photoinduced structural changes of Cys-

76 foremost leads to a rearrangement of α2. That is, the α2-helix gains three (n,n+ 4) H bonds

while loosing a (n,n+3) H bond, which leads to a stabilization of the α-helix at the expense of 310-

helical conformations (Table Table 1). As an example, the formation of the H bond between Gln-

73 and Thr-77 is illustrated in Figure Figure 6B, that shows the change of the distance distribution

between these residues. Table Table 1 lists 13 further contact changes involving α2. Most notably,

the opening of the binding pocket leads to the loss of three contacts with the β1-β2 loop and the

gain of two contacts with the β5-α2 loop. Together with several cases involving the strands β2, β3,

β5 and β6, these contact changes lead to an overall compaction of the hydrophobic core of PDZ2S-

trans, which is also reflected in the distributions of the radius of gyration (Figure Figure 6F). The

rigidity of these β sheets, particularly of β6, however, seems to hamper the direct propagation of

the α2 conformational change to the C-terminus.

The other anchor residue of the photoswitch, Cys-21, is a part of the short β2-strand of PDZ2S.

β2 itself undergoes only minor changes, i.e., with respect to its secondary structure (Figure Fig-

ure 5) and through the forming and breaking of one contact with α2, respectively. In the N-terminal

direction, the opening of the binding pocket at Cys-21 leads to a major structural rearrangement

of the adjacent β1-β2 loop. That is, five out of its seven residues change their backbone dihedral

angles (Table S5, Figure S7), several contacts with the α2-helix and the α2-β6 loop are desta-

bilized, two intra-loop contacts change, and a new backbone H bond is formed (Table Table 1).

Overall, this leads to a stabilization of the β1-β2 loop, which is reflected in the significant nar-

rowing of its conformational distribution (Figure Figure 6C). The adjacent β1-strand, on the other

hand, is a part of the rather rigid β sheet scaffold of PDZ2S and therefore shows hardly changes

of its conformation or contacts. Similarly, the N-terminal region changes only little (e.g., by an

overall decrease of the average number of contacts of 0.22), which leads to increased backbone

fluctuations (Figure Figure 4).

In the C-terminal direction, the opening of the binding pocket at Cys-21 leads to a significant

conformational rearrangement of the adjacent β2-β3 loop. That is, eight out of its eleven residues

change their backbone dihedral angles (Table S5, Figures S8 and S9), a contact with the β5-α2

loop is formed, and an intra-loop contact is lost. Interestingly, the conformational changes of β2-

β3 move the loop toward the C-terminal loop, which yields two new contacts between the two
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loops. Moreover the C-terminal loop forms a contact with the β3-strand and two contacts with the

α1-β4 loop. These interactions lead to a stabilization of the C-terminal region, which is illustrated

by the distribution of the distance between residues Val-30 and Pro-95 (Figure Figure 6D) and the

distribution of the end-to-end distance d91,94 of the C-terminal loop (Figure Figure 6E).

It is interesting to discuss the above findings in the context of allosteric communication within

a protein. Allostery is commonly explained as a change in the binding behavior of a distant active

site subsequent to the binding of a ligand to an allosteric site. In its natural environment, PDZ

domains are parts of a multi-domain protein, and they take over the role of an allosteric site, while

the active site is typically on another domain. As such, PDZ domains are only half of an allosteric

system. It has however been argued that the PDZ2 domain studied here does posses allosteric

properties, even when looked at it as an isolated system (see Ref.11). That is, a PDZ domain

in a multi-domain protein must still “communicate” somehow with the other domain, to which

it is linked and which carries an active site. In a looser sense, that communication can still be

called allostery. It is however not at all clear how that communication works, other than saying

that communication must be related to the structural or dynamical properties of the parts of a

PDZ domain which connect to other domains, either through a covalent link at the C-terminus, or,

more likely, through the interface which associates to another domain. Hence, in a loose sense,

we might call that interface the active site of the allosteric system. It is the goal of the present

work, in connection with its experimental counterpart,45 to address possible mechanisms of that

communication.

In practice, this general definition is however complicated by the fact that a large variety of

binding partners and schemes exist for both sites in typical allosteric systems. For example in the

PSD-95 protein, three connected PDZ domains are followed by a SH3 domain and a guanylate

kinase domain.20 Nevertheless, there are examples for which a relatively well defined mechanism

can be identified, such as in recent NMR experiments by Petit et al.13 for PDZ3. They showed that

the affinity of ligand-binding in PDZ3 is indeed directly related to the conformational motion of a

small additional α-helix attached to the C-terminus. That is, the removal of this helix affects an

entropic change of the binding free energy such that the ligand affinity reduces by 21-fold.

In the case of PDZ2S, we find that the cis-trans isomerization of the photoswitch mimicking

ligand binding induces significant changes of the conformational distribution and dynamics of the

distant C-terminal region. Similar to the additional α-helix that packs up against the core domain

of PDZ3,13 the C-terminal loop of PDZ2S was found to form several contacts with the β2-β3 loop

and the α1-β4 loop (Table Table 1). As a consequence, the distribution of the end-to-end distance

d91,94 of the C-terminal loop (Figure Figure 6E) changes in a specific manner. We note that the

motion of the β2-β3 loop towards the C-terminal loop directly accounts for the motion along the

first principal component (Figure Figure 3).
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Table 1: Contacts between residue i in segment Si and residue j in segment S j that change sig-

nificantly (∆Pi j ≥ 0.3) upon cis-trans isomerization of PDZ2S, where ∆Pi j = Ptrans
i j −Pcis

i j denotes

the change of the contact probability. Here Pcis
i j or Ptrans

i j denote the probability that the minimal

distance between residue i and j in PDZ2S-cis or -trans, respectively, is below 0.45 nm. The last

column indicates whether a given contact is a H bond within the main chain (HBmc), a H bond

between the main and a side chain (HBsc), or a contact between two hydrophobic residues (np). In

line with the discussion, the upper part of the table describes contact changes at the α2 side and the

lower part changes at the β2 side of the binding pocket.

Si S j i j ∆P type

α2 α2 Gln-73 Thr-77 0.31 HBmc

α2 α2 Ala-74 Leu-78 0.41 HBmc

α2 α2 Val-75 Arg-79 0.40 HBmc

α2 α2 Val-75 Leu-78 -0.42 HBmc

α2 β1-β2 Cys-76 Ser-17 -0.34 –

α2 β1-β2 Leu-78 Lys-13 -0.40 –

α2 β1-β2 Leu-78 Leu-18 -0.39 np

α2 β2 Val-75 Val-22 -0.32 np

α2 β2 Arg-79 Cys-21 0.64 –

α2 β3 Ala-74 Ile-35 0.37 np

α2 β3 Leu-78 Ile-35 0.50 np

α2 β5 Thr-77 Val-64 0.31 –

α2 β6 Leu-78 Val-85 -0.33 np

α2 β5-α2 Gln-73 Ala-69 0.35 –

α2 β5-α2 Ala-74 Ala-69 0.30 np

α2 β5-α2 Val-75 Leu-66 -0.34 np

α2 β5-α2 Thr-77 Leu-66 0.50 –

β5-α2 β5 Gly-68 Ser-65 0.41 HBsc

β6 C Glu-90 Gln-93 0.38 –

β1-β2 β1-β2 Lys-13 Asp-15 -0.38 –

β1-β2 β1-β2 Lys-13 Ser-17 0.32 –

β1-β2 β1-β2 Asn-14 Ser-17 0.42 HBmc

β1-β2 α2-β6 Asn-14 Gln-83 -0.40 –

β2-β3 β2-β3 Gly-24 Gly-34 -0.32 –

β2-β3 β5-α2 His-32 Glu-67 0.32 –

β2-β3 C Val-30 Ser-94 0.38 –

β2-β3 C Val-30 Pro-95 0.31 –

β3 β5-α2 Ile-35 Ala-69 -0.41 np

β3 β5-α2 Ile-35 Thr-70 -0.39 –

β3 C Tyr-36 Ser-94 0.43 –

α1-β4 C Gly-55 Gln-93 0.34 –

α1-β4 C Gly-55 Ser-94 0.44 –

β4 β5-α2 Arg-57 Glu-67 0.34 –

β4 α2-β6 Val-61 Thr-81 0.35 –
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Conclusion

We have performed comprehensive MD simulations of the photoswitchable protein PDZ2S in its

cis and trans state as well as of the corresponding wild-type protein PDZ2 in its free and bound

state. First we have calculated the experimentally deduced backbone dihedral angles and NOEs

and found overall good agreement of simulation and experiment (Tables S2 – S4). Hence, our

theoretical model (Amber99sb∗-ILDN and TIP3P, in total 14 µs for PDZ2S) seems to be valid and

sufficient to describe this quite flexible allosteric system.

In a second step, we have studied to what extent the cis-trans isomerization of the azobenzene

photoswitch in PDZ2S indeed emulates the effects of peptide binding in PDZ2. Compared to the

wild-type PDZ2 system, PDZ2S seems to be somewhat destabilized by the photoswitch. This is

suggested by the larger conformational heterogeneity (Figure Figure 3), the higher residue fluc-

tuations (Figure Figure 4) and (in cis only) the partial loss of structure-stabilizing H bonds in the

α2-helix and the β1β2 loop (Figure Figure 5). On the other hand, recent melting experiments have

revealed a slightly higher thermal stability of the photoswitched vs. the wild-type system, which

indicates an entropic stabilization of PDZ2S.70 The initial conformational change caused by the

cis-trans photoisomerization is certainly larger than the local rearrangement of the wild-type sys-

tem due to binding. Also the subsequent propagation of the structural perturbation of the two

systems agrees only in its overall trends (Figures Figure 6 and S5). Given the unique potential of

the photoswitchable system to study the conformational dynamics in real time, however, we feel

that the photoswitchable system is per se an interesting and worthwhile system to study.

Following the validation of the theoretical model as well as of the experimental concept of a

photoswitchable allosteric protein, we have presented a detailed description of the conformational

rearrangement of PDZ2S subsequent to cis-trans photoisomerization. In short, at the α2-side of

the photoswitch we observe an overall stabilization of the α2-helix, which involves the change of

four H bonds and 13 further residue-residue contacts. At the β2-side, the opening of the binding

pocket leads to a major structural rearrangement of the two adjacent loops β1-β2 and β2-β3, which

is reflected in changes of the corresponding backbone dihedral angles as well as numerous changes

of contacts. Most importantly, this rearrangement leads the the formation of in total five contacts

of β2-β3, β3, and α1-β4 with the C-terminal loop, which results in an overall stabilization of the

C-terminal region. In the absence of a specific binding partner at the distant site, we consider this

change of the conformational distribution and dynamics of the C-terminal region as the ’allosteric

response’ of the isolated PDZ2S model system.

It is interesting to relate our findings to previous descriptions of the allosteric communica-

tion in PDZ domains. For example, a number of network models have been proposed that may

reflect the intramolecular signal propagation. This includes networks based on the statistical anal-

ysis of evolutionary conserved sequences,30,31 on vibrational energy flow32,33 or residue-residue

interaction energies,34,35 on Cα -Cα correlations of low-frequency normal modes,36 on the linear

response to residue perturbation,37,38 on coupled side-chain fluctuations,39 on a force distribution

analysis,40 and on information-theoretical approaches.41–43 In the present paper, we take yet an-

other approach, i.e. calculate the response of an allosteric protein upon a reasonably well defined

structural perturbation at its allosteric site. While the overall construct might appear artificial, it
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has the advantage that it can be tested against experiment in the long run. Several of the previous

studies30,32,34 indicated an allosteric pathway in PDZ2 that starts from the α2-helix and propa-

gates via β2 and β1-β2 to the α1-helix (i.e., “across the upper part” of the PDZ domain in Figure

Figure 1), which qualitatively speaking is also the regions for which we observe the largest struc-

tural changes between the two states of the photo-switch. Naturally, it is per se not clear to what

extent the various models account for allosteric effects, because so far the different experimental

and theoretical approaches cannot be compared directly. As a first step in this direction we now

perform extensive nonequilibrium MD studies of PDZ2S, which amount to a direct simulation of

the time-resolved infrared experiments of Buchli et al. While the photoswitchable PDZ domain

represents a simplified model of allostery, it may facilitate the direct comparison of time-resolved

experiments and simulations.
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