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ABSTRACT. PDZ (postsynaptic density-95, disks large, zonula occludens-1) domains are small,-protein
protein interaction modules that have multiple binding surfaces for the docking of diverse molecules.
These domains can propagate signals from ligand-binding site to distal regions of the structure through
allosteric communication. Recent works have revealed that picosecond to nanosecond time scale dynamics
play a potential role in propagating long-range signals within a protein. Comparison of AF-6 PDZ domain
structures in free and complex forms shows a conformation rearrangement of distal surface 2, which is
far from the peptide binding groove. The relaxation dispersion experiments detected that the free AF-6
PDZ domain was sampling multiple conformations; millisecond dynamics mapped a network for allostery
signal transmission throughout the AF-6 PDZ domain in the weak saturation state, and intramolecular
motions were observed in distal surface 1 when the protein was saturated. These results provide evidence
that the allosteric process in the AF-6 PDZ domain is not two-state; instead, the millisecond dynamic
network provides a mechanism for the transmission of allosteric signals throughout a protein. Interestingly,
the two distal surfaces of the AF-6 PDZ domain respond differently to peptide binding; distal surface 1
changes in millisecond dynamics, whereas distal surface 2 undergoes structural rearrangement. The
significance of the different response patterns in the signaling pathway and its relevance to the function
of the AF-6 PDZ domain should be studied further.

The PDZ (postsynaptic density-95, disks large, zonula efficient binding of the C-terminus of Bcr to the PDZ domain
occludens-1) domains are structurally conserved proteinof AF-6 and consequently increases the binding affinity of
interaction modules 0f90 residues folded into a compact AF-6 for Ras. Formation of the AF-6Bcr—Ras ternary
globular structure of sig-strands and twa-helices (). The complex results in downregulation of the Ras-mediated signal
predominant function of the PDZ domain is to recognize the transduction pathway7j. In this process, AF-6 acts as a
extreme C-termini of other proteins, such as receptors or ionbifunctional molecule that binds Bcr via its PDZ domain and
channels Z). Some PDZ domains also recognize internal activates Ras via its Ras-binding domari. (The structures
motifs (3). As a protein interaction domain, the PDZ domain of the AF-6 PDZ domain (Protein Data Bank entry 1T2M)
plays a central role in mediating both signaling protein (6) and the PDZBcr peptide complex (Protein Data Bank
regulation and signaling complex assemtgy. ( entry 2AIN) @) have already been determined and reveal

The human AF-6 is a scaffold protein that links cell that the C-terminal peptide of Bcr binds to the PDZ domain
membrane-associated proteins and the actin cytoskelton ( by fitting into a hydrophobic groove between the second

It is essential for structural organization of the eddell p-strand $B) and the second-helix (aB). The pathway of
junction of polarized epitheliaSj and plays an important  the signal transfer within the AF-6 PDZ domain in the
role in cell-cell junctions and signal transductiof) (AF-6 downregulation process of Ras signaling is still not clear,

is a large multidomain protein with a PDZ domain in the put allostery may play an important role in this process
C-terminus that may function as a docking site for other (9—12).
molecules §). It can be phosphorylated by the protein kinase

. ; ) e When a protein interacts with a peptide, besides the
Bcer (breakpoint cluster region protein), which in turn allows

structural rearrangement, the dynamics of the protein may
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ation experiments aiming at the picosecond to nanosecondstep by step during the titration until the PDZ was saturated.
time scale can describe the changes in protein configurationalThe 'H and**N resonance variations were followed at 295
entropy during allosteric processes such as ligand binding,K by conducting HSQC experiments at Bruker DMX500.
chemical modification, or point mutatiod%—17). In these Relaxation-compensated CPMG (rcCPMG), even-echo
processes, dynamics changes occur at multiple amino acidCPMG, and Hahn-echo CPMG experimen®2)( were
sites throughout the whole protein structure, which may form performed with thé°N-labeled AF-6 PDZ domain samples
the pathway optimizing energetic coupling between function- at 295 K with two static magnetic fields, corresponding to
ally important residues)( 11). However, these experiments proton Larmor frequencies of 500 and 600 MHz. The delays
cannot precisely describe the millisecond time scale motionsbetween the centers of two consecutive °1pQlses in the
of proteins, which are more important for allosteric processes. Carr—Purcel-Meiboom-Gill (CPMG) segmenticp) were
NMR relaxation dispersion experiments are promising set to 1.0, 1.25, 1.5, 1.85, 2.15, 2.5, 3.0, 3.75, 4.25, 5, 6.6,
methods for the exploration of biological phenomena of 7.5, 10, 10.8, 21.5, and 64.5 ms. Spectra were acquired with
proteins on the millisecond time scal&é8( 19), such as at least 1024x 128 complex points with constant relaxation
enzyme catalysis 20, 21), rate-limiting conformational  delays of 0 or 60 ms. All NMR spectra were processed with
exchangeZ2—24), disulfide bond isomerizatior2p), protein NMRPipe and Sparky.
folding (18, 26, 27), interaction of protein with ligand or Relaxation dispersion experiments were performed for
protein L4, 28, 29), and allostery 13, 30, 31). samples in three states: the free AF-6 PDZ domain sample,
To further characterize the changes in protein structure the AF-6 PDZ domain sample with weak saturation (molar
and dynamics of the AF-6 PDZ domain during peptide ratio of Bcr peptide to PDZ domain of 0.1:1), and the
binding, we obtained a dissociation constant of the interaction Saturated AF-6 PDZ domain (molar ratio of Ber peptide to
between the AF-6 PDZ domain and Bcer peptide using NMR PDZ domain of 4:1).
titration and analyzed the millisecond dynamics of free AF-6 ~ Measurement of Equilibrium Dissociation Constarmss-
PDZ domains, the PDZ domain with weak saturation, and Sociation constants of the AF-6 PDZ domain for the Bcr
the PDZBcr peptide complex. The results show that the peptide were obtained by monitoring the chemical shift
unliganded AF-6 PDZ domain is already sampling multiple changes between the AF-6 PDZ domain in the free and bound
conformations and the millisecond dynamics may also play conformations during titration experiments. When the ex-
a role in the energetic signal transduction of the AF-6 PDZ change rate is greater than the chemical shift difference
domain upon Bcr peptide binding. In these processes, thebetween the free and bound states (as for the peptidic ligand
structural rearrangement and millisecond dynamics may playin this study), the observed chemical shift at each titration
distinct roles. point (0.) is a weighted average between the chemical shifts
of the free and bound state33-35) obtained by
MATERIALS AND METHODS

Expression and Purification of the AF-6 PDZ Domain. Oy = @65 + (l - @)6,: 1)

The gene of the human AF-6 PDZ domain (amino acid [P] [Pyl

residues 9871078) was amplified from the human brain _ ] ) ) o

cDNA library and inserted into the pET22b) plasmid wherede is the chemical shift of the protein domain in the

(Novagen) as described previousB).(It was expressed as ~absence of peptides is the chemical shift of the protein

a His tag fusion protein ifEscherichia coliBL21(DE3) by ~ domain bound to peptide, §Pis the concentration of lig-

induction with 0.1 mM IPTG at 25C overnight. Uniformly ~ @nd-bound protein domain, andr]Rs the total concentra-

15N-labeled proteins were prepared by growing the bacteria tion of protein domain. The mole fraction used to fit the

in SV40 medium using®NH.CI (0.5 g/L) as an exclusive litration curve was calculated for the total substrate concen-

isotope source. Recombinant AF-6 PDZ was purified using tration at each point in the titration and from the fitted

Hitrap chelating column (Pharmacia) chromatography. The dissociation constant with egs 1 and 2 using OriginPro 7.5

purified protein was confirmed by SBSAGE, and the  (OriginLab Corp.). In eq 2Kp is the dissociation constant

concentrations were determined with the BCA method. ~ @nd [S] is the total peptide concentration at each titration
Peptide Synthesis and Purificatiofhe C-terminal peptide POt

of Ber (KRQSILFSTEV) was chemically synthesized using 2

standard FMOC chemistry at Shanghai Zillion Pharmaceu- [Psl = {(Kp + [S¢] + [P]) — [(Kp + [S¢] + [P7])" —

ticals Co., Ltd. The synthetic peptide was purified by a 4[S/][P,]] 1/2}/2 2)

reverse-phase HPLC,;&column eluted with an acetonitrile

gradient from 15 to 30%. The final product_was ver[fied by Relaxation Dispersion Analysi€hemical exchange on a

electrospray mass spectrometry and NMR signal assignmentSyicro- to millisecond time scale increases the valudRef
Sample PreparatioNMR samples of 1.0 mM*N-labeled by the contribution ofR.. In the measured transverse

AF-6 PDZ domain were buffered in 10 mM acetate, 0.5 MM relaxation time, the exchange contributi®a is minimal

EDTA, and 10% (v/v) DO in 450uL (pH 5.5). A30 MM during fast refocusing rates in CPMG pulse trains and

Ber peptide (KRQSILFSTEV) stock solution was prepared increases with thec, delays. According to eq 3 for general

in the same buffer. two-site exchange, relaxation dispersion curves depend on
NMR Spectroscopyfitrations of the AF-6 PDZ domain  the chemical shift difference\w), the population of the two

with Bcer peptide were performed by titrating a 30 mM  states g, andpy), and the exchange rat&.).

peptide stock solution into 1 mM solutions of tHdl-labeled The dynamics parametefsy, p,, andkex were determined

protein. Totally, 6QuL of unlabeled Bcr peptide was added by fitting relaxation dispersion curves with the general
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Ficure 1: Results of chemical shift perturbation. In panel A, the inset showdthé>N HSQC spectra illustrating the significant chemical

shift change of Leul19 upon titration with the Bcr peptides. The contour plots, going from left to right, correspond to the values of the molar
ratio of Bcr peptide to AF-6 PDZ domain, 0.1, 0.2, 0.4, 0.6, 1, 1.5, 2, 3, and 4, respectively. The black squares represent the measured
changes in chemical shift for residue Leul9, and the solid line is the fitted curve. In panel’8\ tbieemical shift perturbatiorAQPy) is
color-coded on the ribbon diagram of the AF-6 PDZ domain. Residues with chemical shift differences larger than the averafyéwalue (

> 0.23 ppm) during the peptide titration are colored with a continuous color scale from green to red thatAl&pictédues from 0.2 to

1.5 ppm, and residues with chemical shift differences smaller than the average Aédjue (0.23 ppm) are colored gray. Residues with
significant chemical shift changeddy = 0.5 ppm) during the peptide titration are labeled.

eXpreSSion_ of transverse relaxation ra® in two-site Table 1: Dissociation Constants for the Interaction of the AF-6
exchange in whiclp, = 1 — p, (36—38) PDZ Domain with Bcr Peptide
1 residué Kb (MM) standard errér
R(1ltep) = E{ R,+ R, + ke — G18 0.12 0.03
L19 0.12 0.04
1 —1 S20 0.22 0.08
L cosir{D, cosh,) — D_ cos@_)]} o o oon
cp A23 0.14 0.04
A45 0.11 0.04
1 Y + 2Aw? D46 0.09 0.05
D,=35 0 s81 0.24 0.07
2 (wz + €2)l/2
aMost residues are those located at #§i# and aA region, the
chemical shift changes of which are significant during titration with
_@[ o+ ( 24 C2)1/2]1/2 the C-terminal peptide of BcP.Dissociation constantskKf) were
N:= ﬁ Y Y determined from NMR titrations as described in Materials and
Methods.
_ _ b _ 2 _ 2 2
¥ = (R~ Ry = Pekex T Poke)” = Aw” + Apppkey AF-6 PDZ domain structure in free and complex forms
shows that residues from heli®A exhibit an obvious
£ =2A0(R, = Ry = Pakex T Pokes) ®3) deviation with a rmsd value of 1.13 A beyond the peptide

. . . . . binding groove, which is consistent with the result of

Only minor differences were observed in the dispersion : ; ;
btained bv smulati p 3 with diff chemical shift perturbatiors}.

culrves_ obtaine yd S|mudati)on o qu. wit _' erent o further analyze the interaction between the AF-6 PDZ

relaxation rates, andR, and by simulation withR, = R, domain and Bcr peptide, we repeated titration experiments

= R; for the amide nitrogens of sites a and BO of the Ber peptide with the AF-6 PDZ domain to obtain the
Therefore, we assumed thaf andR; are equal and fitthe  gissociation constant of the interaction and mapped the

experimentaRy(z¢, *) values as a function of 4, with g regjques experiencinN chemical shift changes onto the

3 using OriginPro 7.5. The Levenberylarquardt algorithm  sircture of the AF-6 PDZ domain (Figure 1). As mentioned
was used in the curve fitting. previously @), eight residues exhibited significant shift
RESULTS changes during the titration and dissociation constants were

calculated from those chemical shift changes (Table 1). The
Interaction of the AF-6 PDZ Domain with Bcr Peptide result shows that most residues have similar dissociation
Yields Conformation Changes beyond the Peptide Binding constants of~0.12 mM, except residues S20 (0.22 mM) and
Groove. The solution structures of the AF-6 PDZ domain S81 (0.24 mM). Interestingly, thoughl12 A from the center
and AF-6 PDZ-Bcr peptide complex have been determined, of the peptide binding site iB, residues A45 and D46 in
and the chemical shift behavior of AF-6 PDZ during Bcr aA have similar dissociation constants (0.11 and 0.09 mM,
peptide binding has been analyz&dg). Comparison of the  respectively) with residues G18 (0.12 mM), L19 (0.12 mM),
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Ficure 2: Relaxation dispersion curves for residues L19 (a) and S20 (d) in free PDZ, L19 (b) and S20 (e) in the weak saturation state, and

L19 (c) and S20 (f) in the PDZBcr complex. Data were recorded %t Larmor frequencies of 500w) and 600 MHz ).

and V22 (0.13 mM) that are located at the binding groove, contribution of R to the transverse relaxation raig of
indicating that all these residues may report on the samethese residues. Sixteen residues were observed Ryth
binding event 13). resulting from exchange contributions. These residues are
The dissociation constants measured by NMR titration are listed in Table 2 and depicted in Figure 3A on a ribbon
~50 times higher than that previously measured by BlIAcore diagram of the free AF-6 PDZ domain in colors from green
(6). However, the NMR chemical shift data give a much (0.5 s%) to red (13 s?) for increasing values dRex.
more sensible result with affinities in the millimolar range Rex the exchange contribution to the transverse relaxation
(35 which would be difficult to be probed by BlAcore rate R, is considered a qualitative measurement of the
analysis. Furthermore, the isothermal titration calorimetry exchange process on the microsecond to millisecond time
(ITC) (39) experiment was performed to verify the dissocia- scale. The values dRex are mostly~1—3 s! in the free
tion constant of the AF-6 PDZ domain for Bcr peptide PDZ domain except for residue G1Bs( = 7.3 s'%), and
measured by NMR titration. The dissociation constant the average exchange contributigg is ~2.3 st (Table 2
measured by isothermal titration calorimetry is 0.25 mM and Figure 3A). As shown in Figure 3A, there was a good
(Figure S1 of the Supporting Information). Thus, the dis- correlation between residues undergoing conformational
sociation constants of 0-10.2 mM may be more reliable  exchange and those involved in peptide binding. Eleven of
for the interaction between the AF-6 PDZ domain and Bcr the 16 residues which exhibited conformational exchange
peptide. The dissociation constalij is important for the were located in the peptide binding groove, hB—£B
quantitative description of the exchange process in the groove, and th#B—3C loop. Exchange contributions were
following text. So we calculated the populatiqm)(and the also observed in thgF strand, thex A—pSD loop, and the
exchange ratek{,) usingKp values of 0.12 and 0.25 mM,  C-terminus of theSE—aB loop.
respectively. Only minor differences were observed when Exchange rates are also mapped in Figure 4A on the ribbon

we calculated the parameters using those two diffekgnt
values. Therefore, we assumi€d = 0.12 mM to calculate
the population [f;) and the exchange rateék.f) in the

following text.

Conformational Exchange in Free PDZo further analyze

diagram of the free AF-6 PDZ domain using a color scale
from green (100 s to red (3000 s?). As shown in Table

2, the exchange rates are no more than 1000 most
parts of the free AF-6 PDZ domain. The residues infiBe
strand exhibit exchange rates-e600-1000 s*. Consider-

the process of peptide binding on the millisecond time scale, ing the uncertainty, these residues may be considered to
we performed®N transverse relaxation dispersion experi- exchange between sites with simil&g, values. Lower
ments on the free AF-6 PDZ domain, the AF-6 PDZ domain exchange rates are observed for the residues inBneelix.

with weak saturation, and an AF-6 PDZ domaBcr peptide

For example, exchange rates of residues E71, A73, and A74

complex. For the free AF-6 PDZ domain, relaxation disper- are~200-300 s*.
sion curves were analyzed for 88 residues, the resonances In a previous study, the concentration-dependent chemical

of which were not overlapped in tHé&N HSQC spectrum.

shift change is investigated over a concentration range from
Examples of typical dispersion curves of residues L19 and 0.275 to 2 mM 8). Only a few cross-peaks exhibited small
S20 are shown in panels a and d of Figure 2. The transversechemical shift perturbations, less than 0.04 ppm in‘the
relaxation rateR, of most residues was not influenced by and 0.4 ppm in thé>N dimension. Furthermore, a standard
the variation ofr¢, in the CPMG sequence, which meant no  backboneN) T, relaxation experimen#() has been used
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Table 2: >N Relaxation Dispersion Parameters of Exchanging Residues of Free PDZ

residue Red (79 RO (s™h) Pa AwsiP (ppm) Awiig® (ppm) kex (S71) o
G18 7.3 13.6£ 0.5 0.980+ 0.02 2.10+0.31 1.38 1253t 149 1.5
L19 3.1 11.8+0.1 0.987+ 0.009 1.29+ 0.09 1.31 620t 103 1.3
S20 1.8 12.4-0.1 0.995+ 0.004 2.0+ 0.17 0.84 54H 189 0.7
121 2.7 129+ 04 0.994+ 0.005 2.3 0.29 0.06 1071 253 1.3
V22 3.0 13.9+0.2 0.989+ 0.001 1.52+ 0.16 1.54 818t 163 1.4
Q29 1.9 9.4+ 0.08 0.99+ 0.01 1.11+0.11 0.01 698t 128 1.5
K31 0.8 9.0+ 0.03 0.996+ 0.001 0.9%+ 0.10 0.05 348t 82 1.0
L32 1.6 11.1+ 0.1 0.9904 0.003 0.9+ 0.25 0.22 23H 40 0.7
134 2.1 13.7+40.2 0.99+ 0.01 1.09+ 0.14 0.11 50H 161 1.3
R50 3.0 141+ 0.7 0.995+ 0.005 3.2:0.76 0.13 1612+ 239 1.4
L68 1.4 11.3+0.08 0.990t 0.005 1.03+ 0.17 0.02 168t 38 0.4
S69 1.4 11.9-0.1 0.995+ 0.002 1.514+0.14 0.17 574t 146 1.1
E71 2.4 11.9+ 0.1 0.987+ 0.002 0.98+ 0.06 0.35 289t 85 0.8
A73 1.2 11.9+0.1 0.995+ 0.002 1.82+ 0.35 0.37 280t 58 0.3
A74 1.4 11.94+ 0.06 0.990+t 0.002 0.83+-0.14 0.19 199+ 55 0.6
E87 1.4 12.8£ 0.1 0.992+ 0.009 0.90+ 0.11 0.24 408t 144 1.3

2 Rex = Ry(L/tcp—0) — Ro(1/rcp—0) at a static magnetic field of 14.1 ¥ Aws, chemical shift difference obtained from dispersion profiles using
eq 3, not given wher\wy was used to fit the datalwgr, chemical shift difference of the amide nitrogen between free PDZ and the-BBiZ
complex.® o = [(Boz + Bo1)/(Boz — Bon)J/[(Rexz — Rex1)/(Rexz + Rex1)], Where Rexi and Rexe are the values oRex measured aBo; (11.7 T) andBy;
(14.1 1), respectively32).

13 s

6 s

0.5 s

Ficure 3: Exchange contributions for the free AF-6 PDZ domain (A), PDZ in the weak saturation state (B), and th&&xdmplex

(C). The exchange contributidR.y is color-coded on the ribbon diagram of PDZ. A continuous color scale from green to red (from 0.5 to
13 s'1) depictsRe values. Residues colored gray do not exhibit conformation exchange or cannot be analyzed due to overlapping or
missing assignments.

Ficure 4: Exchange rates in the free AF-6 PDZ domain (A), PDZ in the weak saturation state of PDZ (B), and thB&R#@mplex (C).

Thekex exchange rates are color-coded on the ribbon diagram of PDZ. A continuous color scale from green to red (from 100 3000 s
depictskey values. Residues colored gray do not exhibit conformation exchange or cannot be analyzed due to overlapping or missing
assignments.

to collectR, data at 500 MHz at protein concentrations of 0.5 to 1 mM (Figure S2 of the Supporting Information).
0.5 and 1 mM, respectively. The results verified that the Therefore, the degree of the possible dimerization of the
dynamics parameters were not concentration-dependent fromAF-6 PDZ domain should be too low to affect the observed
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Table 3: >N Relaxation Dispersion Parameters of Exchanging Residues of PDZ in the Weak Saturation State (molar ratio of Bcr peptide to
PDZ domain of 1:10)

residue Rex(s71) RO (s Pa Awiir (Ppm) Awsic (ppm) kex (579 o
17 2.9 149+ 0.1 0.92+ 0.01 0.36 - 464+ 87 1.9
T10 5.1 19.8£ 04 0.974+ 0.03 0.41 2.14+ 0.31 179+ 17 0.1
G18 7.2 15.A 0.2 0.9724+ 0.006 1.38 - 678+ 135 1.4
L19 6.9 13.7+0.4 0.953+ 0.006 1.31 - 1503+ 114 1.8
S20 51 12.5: 0.1 0.88+ 0.03 0.84 - 2120+ 202 0.7
121 1.5 13.2+0.07 0.995+ 0.004 0.06 1.85:0.16 470+ 126 0.7
V22 11.1 14.8- 0.5 0.89+ 0.005 1.54 - ~3000 1.9
A23 >6 - - 1.12 - 3000-5000 -
L32 2.9 10.9+£ 0.1 0.98+ 0.04 0.22 0.96t 0.09 752+ 134 1.7
Ad4 1.8 12.7+ 0.3 0.996+ 0.007 a 257+ 0.47 1578+ 182 15
L58 2.0 13.9+ 0.1 0.9904+ 0.006 0.08 1.1%0.17 289+ 156 0.7
V66 1.6 11.6+0.1 0.98+ 0.09 0.15 0.52+ 0.07 382+ 84 1.6
S69 1.7 12.6:t 0.1 0.995+ 0.003 0.17 1.76: 0.15 808+ 102 1.3
Q70 3.6 13.2£ 0.04 0.81+ 0.01 0.31 - 580+ 52 1.9
E71 34 12.9+ 0.06 0.83+ 0.02 0.35 - 4684+ 92 1.9
A73 1.9 12.14+ 0.05 0.937+ 0.009 0.37 - 597+ 134 1.9
L76 3.6 12.7+ 0.06 0.967+ 0.003 0.73 - 571+ 69 1.7
M77 1.8 13.2+ 0.06 0.974+ 0.003 0.55 - 532+ 84 1.8
T80 3.3 9.3+ 0.1 0.98+ 0.01 0.04 0.86- 0.07 379+ 92 1.2

2 The residue disappeared in complex PDZ.

relaxation dispersion curves, and the millisecond dynamics dispersion data fitting. If exchange in the weak saturation
of the free AF-6 PDZ domain should not be influenced by state is induced by the addition of Bcr peptide for the AF-6
the possible dimerization. PDZ domain, the two exchanging partners are most likely
A Low Concentration of Ber Peptide Induces Significant the free and complex states of the protein. Therefore, upon
Dynamical ChangesDue to the weak binding between the relaxation dispersion data fitting of the weak saturation state
Ber peptide and PDZ domainKf = 0.12 mM), the and the complex state, we first s&t» to the values of the
conformational exchange between free PDZ and the complex™°N chemical shift difference between the free and complex
form can contribute significantly to the measuRglvalues.  in the™>™N HSQC spectrumAw:ir), and then some residues
When we studied the millisecond dynamics of the AF-6 PDZ which could not be fitted withAw» Stood out, indicating
domain during peptide binding, we were forced to separate that there were other millisecond dynamics besides the
chemical exchange induced by the intrinsic dynamics from conformational exchange between free and complex forms
chemical exchange between free PDZ and the complex form.(29).
To solve this problem, we added small amount of Bcr peptide  In the relaxation dispersion data fitting, 10 of the 19
to the PDZ domain (molar ratio of Bcr peptide to PDZ residues which exhibited conformational exchange in the
domain of 1:10) and analyzed the millisecond dynamics in Weak saturation state could be successfully fitted with the
the weak saturation state. chemical shift differences between the free and complex
Slight resonance shifts were observed® HSQC after ~ States Qwir), which indicated that the conformational
a small amount of peptide addition, whereas the millisecond €xchange occurred between free and complex forms. For
dynamics changed significantly. In the weak saturation state, those residues, the populations of the predominant state
19 residues exhibited conformational exchange, and the©Ptained by fitting eq 3 to the relaxation dispersion data were
average exchange contributidR.§) was 3.9 s1, much larger ~ Pétween 0.81 and 0.97 (Table 3), which were concordant
than that in the free PDZ state (2.3)s(Table 3 and Figure  With the population (92%) calculated from the measutgd
3B), indicating an increase in the number of conformational Value [0.12 mM (Table 1)]. Most of those residues (17, G18,
exchanges of the PDZ domain. This sudden increase in theQ70, E71, A73, L76, and M77) had similar exchange rates
conformational exchange contribution to transverse relaxation ©f ~500~600 s . _ . ,
after addition of a small amount of peptide was consistent _We analyzed the line shapes of residue G18 (Figure S3A
with the previous study of proteiriigand interaction 29), of the Supporting Information). Line shapes of residue G18
which suggested the rearrangement was induced by BcrShow a general two-step exchange process between free and
peptide binding and direct proteipeptide interaction. Most ~ Complex forms
of the residues undergoing conformational exchange were Koy
located around theB—/B groove where the Bcr peptide P+L T‘ PL 4)
bound. Interestingly, some residues distal from the peptide "
binding groove also underwent significant changes in The exchange ratie., equalskoL] + ko, Where [L] is the
exchange contributions compared with that in the free state; concentration of the free ligandg, 29). Thus, the simulated
for example, residues 17, T10, A44, and L58 started chemical off rate (s = 550 s%) can be used to determine the rate of
exchange, whereas residues 134, R50, and E87 exhibited n@exchange between free and complex forms in that state. For
chemical exchange. the interaction of the AF-6 PDZ domain and Bcr peptide,
When the chemical shifts of the two exchanging states the measured dissociation const&at (=ko/kon) is ~0.12
are known,Aw can be fixed at the value of the chemical mM. When the total protein concentration is 1 mM and the
shift difference of those two states upon the relaxation total concentration of Ber peptide is 0.1 mM, the concentra-
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Table 4: >N Relaxation Dispersion Parameters of Exchanging Residues of the-B&XZComplex

residue Rex (579 RO (s™) Pa A (ppm) Awsi (ppm) kex(s™) [od
T10 2.8 17.1+: 0.5 0.83+ 0.09 0.41 - 1041+ 239 1.9
N15 2.4 13.0+£ 0.2 0.99+ 0.01 0.29 1.08: 0.11 543+ 99 1.4
S20 4.9 14.9: 0.2 0.9314 0.007 0.84 - 1290+ 98 1.9
V22 6.5 20.5+ 0.8 0.989+ 0.002 1.54 — 13374+ 269 1.7
134 1.9 14.3+ 0.1 0.98+ 0.01 0.11 0.83t 0.57 1424+ 20 0.4
Q56 1.3 145+ 0.1 0.93+ 0.02 0.34 - 8654 268 1.9
R63 1.0 104 0.1 0.99+ 0.04 0.11 144 0.31 105+ 15 0.1
L65 1.7 14.7+ 0.1 0.994+ 0.002 0.002 1.73%0.42 356+ 107 0.5
L68 1.3 11.9+ 0.1 0.993+ 0.002 0.02 1.0&4 0.26 277+ 134 0.7
Q70 2.6 145+ 0.1 0.990+ 0.002 0.31 1.95: 0.16 305+ 25 0.3
E71 3.7 14.2+ 0.1 0.98+ 0.02 0.35 1.25+ 0.07 850+ 81 1.6
A73 1.2 13.3£ 0.1 0.994+ 0.003 0.37 1.18 0.40 2514+ 127 0.5
R79 1.6 11.4+ 0.1 0.995+ 0.002 0.09 1.7 0.16 678+ 140 1.1

tion of bound protein is~0.08 mM according to eq 2 and dispersion data of those residues were most§8—99%.
the concentration of free peptideg0.02 mM. Therefore, Chemical exchanges of those residues could be contributed
the calculated rate of exchange between free and complexby the intrinsic dynamics of the protein.
forms in this state i3v640 S (Kex = Kor[L] + Kot = 550/ Thus, in the weak saturation state, the total 19 residues
0.12 mMt st x 0.02 mM+ 550 st~ 640 s'!), which undergoing conformational exchange can be partitioned into
approaches the exchange rates measured in relaxation dispethree kinds of dynamic processes: residues 17, G18, Q70,
sion experiments~500-600 s) in the weak saturation  E71, A73, L76, and M77 seem simply to exchange between
state. free and complex forms, residues T10, 121, L32, A44, L58,
For exchange between free and complex forms, the V66, S69, and T80 seem to undergo intrinsic conformational
measured exchange rates in the weak saturation state shouldxchange, and residues L19, S20, V22, and A23 may
be relatively homogeneous. However, some residues in theundergo conformational exchange between free and complex
/B strand had much higher exchange rates ©600-3000 forms with some other intermediates involved in their
s1, such as L19K = 15034 114 s1), S20 kex = 2120 exchange processes. In another view, some small events on
+ 202 sY), and V22 ke ~ 3000 s?). In addition, residue  the millisecond time scale may be introduced by the low-
A23 exhibited an exchange rate of 3668000 s, which concentration peptide besides the conformational exchange
could not be properly fitted with eq 3. Residue 121 in the between free and complex forms.
pB strand exhibited a slight chemical shift difference inthe  The AF-6 PDZ Domain Saturated with Bcr Peptide
15N dimension during peptide titration and a relatively low Exhibits Millisecond Motions Distal from the Binding
exchange rate 0f500 s, which could be due to the fact Groove. The Bcr peptide solution was added to thal-
that the side chain of 121 might have a different orientation labeled AF-6 PDZ domain until the AF-6 PDZ domain was
compared to that of adjacent residues and it might not interactsaturated (molar ratio of Ber peptide to PDZ domain of 4:1)
with the Ber peptide directly8) (Table 3 and Figure 3B).  (Figure 1A). Eighty-six residues for which the resonances
The relatively high exchange rates of the residues irBthe  were not overlapped in the HSQC spectrum were analyzed.
strand may be a consequence of the systematic error mad&hese residues included those for which ¥ chemical
by the assumption of two-state exchange used in the analysisshift perturbation was observed during the titration of Ber
If there is a set of parallel processes involved, the exchangepeptides.
rates measured by the CPMG method will always be higher  The AF-6 PDZ domain in the complex state seems to be
than the real value26, 41). rigid in the binding groove on the millisecond time scale.
This assumption agrees with the line shapes of residueThirteen residues undergo conformational exchange, and the
A23, too. The line shapes of A23 are more complex than average exchange contribution is 2.5.§he exchange rates
those of G18, and the two minor shoulders of the labeled are generally low compared with that in the weak saturation
peak indicate multiple states at some points during the state and are in a range similar to the range of those in the
titration (Figure S3B of the Supporting Informatiodl( 42). free state. In the binding groove, only five residues exhibit
The results of line shape analysis of residues G18 and A23chemical exchange (S20 and V22 in ## strand and Q70,
are consistent with that of dispersion analysis and supportE71, and A73 in theB helix), and no exchange process is
the assumption that in the weak saturation state, the AF-6observed in thggB—C loop.
PDZ domain exchanges between free and complex forms Only four residues could be fitted withwg,, and the
and some intermediates are involved in that process. exchange rates of these residues we860-1300 s (Table
In the dispersion data fitting of the weak saturation state, 4). For two-site exchange between free and complex forms,
the last eight of the 19 residues which exhibited conforma- the dynamic equilibrium can be described as eq 4, and the
tional exchange in this state could not be fitted with the exchange ratekex equals ko[L] + Ko. Therefore, the
chemical shift differences between the free and complex measured exchange rate,{ will increase with the addition
states (Table 3), and these residues exhibited relatively smallof the ligand. Considering that the rate of the conformational
chemical shift differences during the peptide titration. Thus, exchange between free and complex forms-B00—600
the chemical exchange of these residues could not bes™!inthe weak saturation state, those higher exchange rates
attributed to the conformational exchange between free and(~900-1300 s?') may reflect the rate of the exchange
complex forms. Moreover, populations fitted from the between free and complex PDZ in the complex state.
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Some residues with relatively small chemical shift changes 3.5+
during peptide titration exhibit chemical exchange in the 10
complex state. For example, residues (R63, L65, and L68) 301
around thegsE strand exhibit conformational exchange in the
complex state, although peptide binding causes sfigjit 1o
chemical shift changes0.05 ppm (Figure 1B)]. Residues ]
L65, L68, and A73 form a hydrophobic pocket and have
exchange rates of 16800 s?, similar to that of R63. A
higher exchange rate is exhibited by residue N&.5=€ 543
+ 99 s1) in the BA—(3B loop.

DISCUSSION

Allostery, ligand binding in one site of a molecule that
causes an effect at another site, is crucial in living cdlB}.( 0.0 —
The allosteric process is a fundamental process by which 00 08 10 18 20 25 30 35
proteins propagate signals from one site to affect functionally Ao, (ppm)

Important sites located distall,(10). The "concerted” or FIGURE 5: Correlations betweeAws; (abscissa), obtained from
« ” . Writ )
MWC” model was proposed by Monod et aki4 45) on dispersion profiles in the free state to eq 3, and the chemical

the basis of the discovery of allosteric enzyme systems in gifference Awy; (ordinate), between the free and complex state of
1965. Since then, people have endeavored to understand thene AF-6 PDZ domain. The black line represents the correlation

allosteric mechanism by which signals are transmitted acrossAwst = Awiis-

long distances in proteins4€). Traditionally, allosteric

processes are investigated by comparing the static structures Dynamic processes in proteins cover a large time scale
of allosteric molecules in their limited statel. It is often ~ regime from picoseconds to second$)( Fuentes and his
stated that allosteric systems are multidomain proteins or co-workers have used NMR relaxation experiments to
oligomers, such as hemoglobid7j and aspirate transcar- describe a picosecond to nanosecond dynamic network of
bamylase48). However, recently, it was found that allosteric the hPTP1E PDZ2 domai®). Here we use NMR relaxation
coupling could be introduced into monomeric proteins that dispersion experiments to explore the dynamic network on
were presumably nonallosteric proteins by interaction with @ millisecond time scale that is more important for the
a stronger ligand, chemical modification, or point mutation allosteric process.

(49). Modern concepts of protein-folding funnels and energy ~ The Free AF-6 PDZ Domain Is Already Sampling Multiple
landscapes treat a protein as a dynamic ensemble ofConformationsThe solution structure of the AF-6 PBDZ
conformational states. Ligand binding merely shifts the Bcr peptide complex and the perturbation of NMR spectra
population of those conformational states. Redistribution of upon Bcr peptide titration have identified the residues
the molecular ensemble leads to altered conformations atinvolved in Ber peptide bindingg 8). Figure 1B shows the
some other locationgg). According to these classical views, residues having significant chemical shift changes due to
allosteric processes are accompanied by a series of discret@eptide binding. Figure 3A shows the mapping of residues
conformational changes that alter the protein mean structure.undergoing conformational exchange in the free state.
In another view, allosteric processes could be considered toClearly, there is a good correlation between residues
proceed solely through changes in protein dynamics without undergoing conformational exchange and those involved in
conformational change$(@). Recently, the work of Pop-  peptide binding. As shown in Table 2 and Figure 5, the
ovych and co-workers provided experimental support for that chemical shift differences derived from dispersion data fitting
theory and proved the existence of purely dynamically driven and Bcr peptide titration are similar for only two residues,
allostery @1). To explore the role of dynamics in allosteric L19 and V22. Most residues have relatively large differences
regulation, a number of methods are used for the detailedbetween those two kinds of chemical shift differences.
characterization of molecular motions and changes that occurTherefore, it seems that instead of equilibrating between free
upon interaction. Optical spectroscopy, molecular simulation, and complex conformations, the AF-6 PDZ domain samples
crystallography, and NMR spectroscopy are major methods multiple conformations in the free state.

2.0+ o]

Aoy, (pPM)

0.5 1

used for that goalq1). Within them, NMR spectroscopy is Conformational exchange has been suggested to be a
unigue in yielding site-specific information about multiple common feature of protein functions and proteprotein
time scales 10). interactions 10, 53). Flexible residues of free protein may

The allosteric processes in PDZ domains have been studiedspan a larger conformational space to allow them to bind to
from the perspective of structure and dynamics. Binding of target molecules more easily2& 54, 55). The close
Cdc42 to the cell polarity protein Par-6 induces an allosteric correlation between AF-6 PDZ domain residues exhibiting
transition in the CRIB-PDZ module of Par-6 and increases conformational exchange and those involved in Bcr peptide
the affinity of the Par-6 PDZ domain for its carboxy-terminal binding suggests that the unliganded AF-6 PDZ domain is
ligand by ~13-fold (12), and according to the main chain already sampling multiple conformations and those confor-
and side chain methyl dynamics of the second PDZ domain mational exchanges may be essential for the interaction
from human tyrosine phosphatase 1E (hPTP1E), the PDZbetween the PDZ domain and Bcr peptide.
domain shows long-range dynamic effects that correspond Millisecond Dynamics in the Weak Saturation State Map
to previously observed pairwise energetic couplingg) ( a Network in the AF-6 PDZ Domaiiwvhen a small amount
upon a target peptide bindin@)(or point mutation 11). of Ber peptide was added to the PDZ domain solution (molar
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ratio of Bcr peptide to PDZ domain of 1:10), significant residues in them), such as R50, E87, and L58. In total, 12
changes in the millisecond dynamics of the AF-6 PDZ residues, or more than 90%, have correlations with the
domain were observed (Tables 2 and 3). According to the residues that were thermodynamicalg2) or dynamically
measuredp value [0.12 mM (Table 1)], only~8% of the (9) coupled in other PDZ domains in the amino acid sequence
PDZ domain is complexed to the Bcer peptide in the weak (Figure 6A). Furthermore, we structurally align PSD-95
saturation state. Considering the generally low exchangePDZ3 with AF-6 PDZ (Figure 6C) and hPTP1E PDZ2 with
contributions Rex < 5 s7%) for nearly all the residues in the  AF-6 PDZ (Figure 6D). We also find that nearly all of these
complex state, the intramolecular dynamics (these dynamics12 residues are structurally close to the residues that were
are the result of intramolecular motions instead of the previously reported to be thermodynamically or dynamically
interaction with peptide) of the PDZ complex are negligible coupled in other PDZ domains (Figure 6C,D). Therefore,
in the weak saturation state. the millisecond time scale dynamics in the weak saturation
As we have mentioned before, in the weak saturation state,state may map a network in the AF-6 PDZ domain in which
many residues exchange between free and complex formghe energetic signals are transduced to distal regions in the
upon addition of a small amount of Bcr peptide. Some protein.
residues (17, G18, Q70, E71, A73, L76, and M77) seem  Structural Response to Ligand Binding in Distal Surface
simply to exchange between free and complex forms, and 2. The region around theA helix was named “distal surface
although some residues (L19, S20, and V22) seem to have2” (Figure 6B) @), where the PDZ domain of Par6 protein
other millisecond motions in their exchange processes, it isinteracts with other proteins such as PALSB)(and Par3
difficult to distinguish intramolecular dynamics from inter- (57). In the previous study of the allosteric transition in
molecular exchange for these residues. The main subject thaCRIB-PDZ of Par6 protein, the binding of Cdc42 at distal
we will discuss is the intrinsic dynamics of PDZ in the weak surface 2 of the Par6 PDZ domain caused conformational
saturation state; thus, all those residues are excluded fromchanges in the peptide binding pocket. In another analysis
the following discussion. of the structure of the PDZ-C-terminal peptide complex, the
It is very interesting that millisecond dynamics change authors found that changes in the protein structure around
significantly after a small amount of peptide is added. When the oA helix were similar to that caused by the Cdc42
the chemical exchange contributiori&, of the free PDZ binding (2).
are compared with that of the PDZ domain in the weak Inthe AF-6 PDZ domain, during titration with Bcr peptide,
saturation state (Tables 2 and 3), 13 residues exhibitresidues A45 and D46 of theA helix exhibited obvious
significant changes in millisecond dynamics. The difference chemical shift changes;0.4—0.6 ppm in thé>N dimension
in the chemical exchange contribution after and before the (Figure 1B) 6), and residues froraA also showed deviation
addition of a small amount of peptidARey, is more than 1~ between free and complex forms with a rmsd value of 1.13
s1. Most of those residues are distal from the peptide binding A (8). Though the residues of theA helix are~12 A from
groove (Figure 6B). The dynamical behaviors of those the center of thggB strand, their dissociation constants are
residues are introduced by the low concentration of peptide, similar to those of the residues in the peptide binding groove
and therefore, it is intriguing that the binding of Bcr peptide (Table 1). It seems that the structure rearrangemendfof
affects the residues distal from peptide binding groove. helix is caused by the interaction in the binding groove
Why does the binding of Bcr peptide affect the residues between the protein and the peptide, i.e., allostery.
unassociated with the peptide binding? Is there a network The residues around distal surface 2 had no chemical
in the AF-6 PDZ domain to physically link distant sites in exchange in the free state (Figure 3A) and exhibited no
the protein? Previously, Lockless and co-workeE?) ( chemical exchange during Bcr peptide binding except for
identified residue-residue “thermodynamic couplings” inthe residue A44 (Figure 3). Similar results were also obtained
PDZ family using to evolutionary data. In 2004, Fuentes and from the backbone picosecond to nanosecond dynamics
co-workers 9) detected the side chain dynamic response of measurements in free and complex states of that PDZ domain
the hPTP1E PDZ2 domain to ligand binding and identified (8) and implied that the allosteric process in distal surface 2
residues “dynamically coupled” in the PDZ2 domain. ofthe AF-6 PDZ domain might be mainly intermediated by
Furthermore, the dynamical couplings within the hPTP1E structure changes.
PDZ2 domain were confirmed by the side ch#ihdynamics The allosteric processes were proposed not to be intrinsic
of the hPTP1E PDZ2 mutantdl). In Figure 6A, those to the PDZ family, and the interaction networks may be
thermodynamically coupled residues are colored red in the functionally exploited only in some cases8]. Comparison
amino acid sequence of PSD-95 PDZ3, and those dynami-of our results with the results for other PDZ domains was
cally coupled residues are colored green in the amino acid consistent with that proposition. For example, like our result
sequence of hPTP1E PDZ2. with the AF-6 PDZ domain, a similar allosteric process
As mentioned above, 13 residues (Figure 6A, colored blue) (structure rearrangement aroumd helix) was observed for
underwent significant changes in millisecond dynamics after the Par6 PDZ domain upon peptide bindid®), whereas
a small amount of peptide was added. On the basis of thethat allosteric effect was not observed for hPTP1E PDZ2
amino acid sequence alignment of AF-6 PDZ, hPTP1E (59) or PSD-95 PDZ3§0).
PDZz2, and PSD-95 PDZ3 (Figure 6A), we can correlate  Dynamical Response to Ligand Binding in Distal Surface
those residues with the residueesidue couplings identified 1. When the PDZ domain was saturated, five residues distal
previously in the amino acid sequen& %2). Six of the 13 from the peptide binding groove exhibited millisecond
residues are identical to the residues identified previously, motions (N15, R63, L65, L68, and R79). Considering that
such as A44, Q29, and T80, and six residues neighbor thethe free PDZ domain was less than 1% when the PDZ
residues identified previously (with no more than two domain was saturated, those motions should be intramolecu-



Millisecond Dynamics of PDZ Domain upon Bcr Peptide Binding Biochemistry, Vol. 46, No. 51, 200715051

A Bl B2 B3 al B4 Bs a2 B6
= = # 20000 L 000000000
10 20 30 40 50 60 70 80 90
AF-6 PDZ ZKEP.EIITVTILEK. QNGMGLS IVARKGAGODELGIYVKSEVVEGGAADVDGRLAAGDQLLSVDGREIL VG L SQERAAELMTRE TESVVTLEVAKQGA 93
hPTP1E FDZ2 PEKEPEGDIFEVELAKNDNELGISVIGGVNTEVRHGGIYVEAVIPOGRAESDGRLEHEKGDRVLAVNGVS LEGATHKQAVETLRNTGQVVHLLLEKGQOS
PSD9sPDZ3 DIPREPRRIVIHIGSTGLGFNIVGGEDGE. . ..GIFISFILAGGPADLEGELRKGDQILSVNGVDLRNASHEQAAIALKNAGQTVTLIAQYKPE

B

distal surface 2

distal surface 1

Ficure 6: (A) Amino acid sequence alignment of three PDZ domains: AF-6 PDZ, hPTP1E PDZ2, and PSD-95 PDZ3 (Protein Data Bank
entries 1T2M, 1D5G, and 1TP3). Residues that exhibit interesting millisecond behaviors are colored blue or magenta (as mentioned for
panel B) in AF-6 PDZ. Dynamically coupled residues identified previously are colored green in hPTP1E® £l (thermodynamically

coupled residues identified previously are colored red in PSD-95 PB23 (B) Different views of the AF-6 PDZ domain. Residues
(colored blue) for which millisecond dynamics change significantyR., > 1) after the addition of a small amount of peptide and
residues (colored magenta) that exhibit intramolecular millisecond motions in the complex state. (C and D) Structural alignment of AF-6
PDZ with PSD-95 PDZ3 (C) and structural alignment of AF-6 PDZ with hPTP1E PDZ2 (D). Residues that exhibit interesting millisecond
behaviors are colored blue or magenta as mentioned for panel B in AF-6 PDZ. Thermodynamically coupled residues are colored red in
PSD-95 PDZ3 (C)%2), and dynamically coupled residues are colored green in hPTP1E PDZ®)D) (

lar dynamics of complex PDZ in nature. These residues also In contrast, the millisecond dynamics in distal surface 1
had obvious correlations with those that were identified changed obviously during peptide binding. Whereas residues
previously to be thermodynamicall$?) or dynamically ) around the3E strand exhibited no millisecond dynamics in
linked to peptide binding (Figure 6). Two of those residues the free or weak saturation state, when the AF-6 PDZ domain
are located at the loop connectifig andoB, and one is was saturated, residues R63 and L65 exhibited millisecond
located atfE. That surface is another potential protein  motions (Figure 3 and Table 4). As shown in Figure 6B,
protein interaction surface of the AF-6 PDZ domain [“distal three residues (R63, L65, and L68) exhibited intramolecular
surface 1” (Figure 6B)]9). In the NMR studies of PDZ7  millisecond dynamics on distal surface 1, and some other
from GRIP1, a Ras guanine nucleotide exchange factor, residues, such as V66, S69, and A73, also exhibited changes
GRASP-1, that hydrophobic surface was the binding site for in millisecond dynamics during peptide binding (Tables
PDZ7 61). During the titration with Bcr peptide, residues 2—4).

in distal surface 1 showed little chemical shift perturbation  In the studies of side chain picosecond to nanosecond
[<0.05 ppm in the!®™N dimension (Figure 1B)], and the dynamics for the hPTP1E PDZ2 domain, residues in distal
structures of the AF-6 PDZ domain in free and complex surface 1 had significant changes in dynamic param&fgés
forms exhibited nearly no difference arougi (8). and 7. upon ligand binding or point mutation9,( 11).
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Recently, Popovych and his co-worke8d) proved that the
allostery could be driven purely by the dynamics, and in their
experiments, the microsecond to millisecond dynamics also
provided a means of propagating the allosteric signal to the
distal site in the absence of structural changes. Thus, the
changes in millisecond dynamics in distal surface 1 of the
AF-6 PDZ domain may also be the result of allosteric signal
transmission. That allosteric process may be mainly driven
by dynamics since the structure of distal surface 1 changed
little during that process8j.

In summary, we compared the structures of the AF-6 PDZ
domain in free and complex forms8)( and probed the
millisecond time scale dynamics of the AF-6 PDZ domain
in response to Ber peptides binding using relaxation disper-
sion experiments. Large conformational switching on the
millisecond time scale is not observed. The millisecond
dynamics of the AF-6 PDZ domain in the weak saturation
state may represent a network for allosteric signal transmis-
sion throughout the protein, and the process of perturbation
propagation can be decomposed into smaller events on the
millisecond time scale. When the AF-6 PDZ domain is
complexed with Bcr peptide, some residues in distal surface
1 exhibit intramolecular motions. Thus, the millisecond
dynamics still play an important role in this allosteric process
and provide a mechanism for the transmission of allosteric
signals throughout the AF-6 PDZ domain just as picosecond
to nanosecond dynamics do in hPTP1E PD9R Interest-
ingly, in the two distal surfaces, the allostery process is driven
mainly by structure or dynamics. Although there is no
experimental evidence of the actual functional allostery in
the system of the AF-6 PDZ domain, our works may provide
a basis for further studies aimed at addressing this compli-
cated issue.
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