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ABSTRACT Molecular recognition is critical for the fidelity of signal transduction in biology. Conversely, the disruption of
protein-protein interactions can lead to disease. Thus, comprehension of the molecular determinants of specificity is essential
for understanding normal biological signaling processes and for the development of precise therapeutics. Although high-reso-
lution structures have provided atomic details of molecular interactions, much less is known about the influence of cooperativity
and conformational dynamics. Here, we used the Tiam2 PSD-95/DIg/Z0O-1 (PDZ) domain and a quadruple mutant (QM), engi-
neered by swapping the identity of four residues important for specificity in the Tiam1 PDZ into the Tiam2 PDZ domain, as a
model system to investigate the role of cooperativity and dynamics in PDZ ligand specificity. Surprisingly, equilibrium binding
experiments found that the ligand specificity of the Tiam2 QM was switched to that of the Tiam1 PDZ. NMR-based studies indi-
cated that Tiam2 QM PDZ, but not other mutants, had extensive microsecond to millisecond motions distributed throughout the
entire domain suggesting structural cooperativity between the mutated residues. Thermodynamic analyses revealed energetic
cooperativity between residues in distinct specificity subpockets that was dependent upon the identity of the ligand, indicating a
context-dependent binding mechanism. Finally, isothermal titration calorimetry experiments showed distinct entropic signatures
along the mutational trajectory from the Tiam2 wild-type to the QM PDZ domain. Collectively, our studies provide unique insights
into how structure, conformational dynamics, and thermodynamics combine to modulate ligand-binding specificity and have
implications for the evolution, regulation, and design of protein-ligand interactions.

SIGNIFICANCE High-resolution structures have provided the atomic details of countless molecular interactions.
However, the influence of cooperativity and conformational dynamics on the specificity of molecular interactions has
received little attention. Here, we show that energetic cooperativity between distal sites and conformational dynamics in a
model PDZ ligand system play a critical role in dictating molecular specificity.

INTRODUCTION that lead to molecular recognition, but far less is known
about the thermodynamics and cooperativity of the residues
involved in these interactions. Furthermore, we know little
about the role of protein dynamics in molecular recognition
and its relationship to binding specificity. PSD-95/Dlg/Z0O-1
(PDZ) domains have become model systems for interro-
gating the fundamental principles of protein-protein interac-
tions (1-3). They are small modular domains that generally
bind to the C-terminus of their partner proteins to assemble
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Molecular recognition is critical for signal transduction in
cells. Over the years, structural studies have provided a
wealth of information concerning the direct interactions
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a Dbl and Pleckstrin homology region, a Pleckstrin
homology-coiled coil-extension region, a Ras-binding
domain, and a single PDZ domain.

Tiam1 and Tiam2 PDZ domains share only ~28% iden-
tity in amino acid sequence and have distinct ligand
specificities (7). The Tiaml PDZ domain is known to
bind the C-terminus of several adhesion proteins, whereas
data for the Tiam2 PDZ domain are limited, and only two
adhesion proteins have been identified as interaction part-
ners (7). The Tiam1 PDZ domain binds the cell adhesion
receptor syndecan (SDC) 1, and this interaction is impor-
tant for the regulation of cell-cell adhesion and cell
migration (8). The dissociation constants (Kgs) of PDZ
domain-mediated interactions have been shown to vary
over a wide range (K4 ~uM to mM) while still being bio-
logically significant (9,10). Relative to known PDZ/ligand
complexes, quantification of the Tiaml PDZ domain and
the SDC1 peptide binding showed the interaction is of
average strength (Ky ~20 uM), whereas the interaction of
the SDC1 peptide with the Tiam2 PDZ domain is weaker
(Kq ~200 uM). We also have found that Caspr4 and neu-
rexin 1 (NRXN1), members of the neuronal presynaptic
protein neurexin superfamily, have differential specificity
for Tiam PDZ domains. The Tiam2 PDZ domain bound
both Caspr4 and NRXN1 C-terminal peptides tightly (Kg4s
of 3.4 and 5.0 uM, respectively), which was six-fold
and 500-fold tighter than the interaction with the Tiaml
PDZ domain (7,11,12). These studies indicated that
Tiam1 and Tiam2 PDZ domains have distinct ligand-bind-
ing specificities.

Structures of the Tiaml PDZ domain have provided
insight into determinants of ligand specificity. In general,

A B
S.1 pocket r N

oM

oM

FIGURE 1

hTiaml KVTHSIHIEKSDTAADT

Dynamics and Specificity of Tiam2 PDZ

ligands interact with the PDZ domain via backbone interac-
tions, and several subpockets accommodate side chains in
the ligand to provide specificity. In describing PDZ/ligand in-
teractions, the convention is to number the peptide ligand
from the C-terminus, which is defined as Py, and the remain-
ing preceding residues are numbered as P_;, P_,, etc., whereas
the PDZ binding subpockets are numbered as Sy, S_;, S_,, etc.
The crystal structure of the Tiaml PDZ/SDCI complex
showed that residues in the Sy (L915 and L.920) and S.,
(L911 and K912) subpockets are critical molecular determi-
nants for ligand recognition (13). Sequence comparison be-
tween the Tiam1 and Tiam2 PDZ wild-type (WT) showed
that these four residues are not conserved and, in the Tiam2
PDZ domain, correspond to F982 and V987 in S, pocket
and M978 and E979 in the S_, pocket (Fig. 1). Previously,
we reported that substituting these four residues in the
Tiam1 PDZ domain with those in the Tiam2 PDZ domain
(Tiam1 PDZ quadruple mutant (QM), L911M/K912E/
LI915F/L920V) switched the ligand-binding specificity. Spe-
cifically, the affinity of the Tiam1 QM PDZ was reduced four-
fold for SDC1 and increased ~50-fold for NRXN1 relative to
the Tiam1 WT PDZ (7). In addition, structural analyses of
Tiam1 QM PDZ/ligand complexes found that among these
four residues, E912 and F915 played a significant role in
switching ligand-binding specificity compared to M911
and V920 by shaping the ligand subpockets and maintaining
electrostatic interactions with the specific ligands (14).

To gain insight into the molecular determinants of Tiam1/2
PDZ domain distinct ligand-binding specificity, we created
the Tiam2 QM PDZ domain (M978L, E979K, F982L, and
VO87L mutant). Using a panel of C-terminal peptides to
probe its binding profile, we found that the specificity of the
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Homology model of the Tiam2 WT PDZ domain and location of the four residues mutated in this study. (A) A space-filled representation of the

Tiam2 WT PDZ homology model is shown. The homology model was created using the SWISS-MODEL server (28) and the Tiam1 WT PDZ structure (PDB:
4GVC) as a template. Mutated residues are labeled and colored in red. The Sy and S_; specificity pockets are colored yellow. (B) Shown is the amino acid
sequence alignment of human Tiam1, mouse Tiam2, and the mouse Tiam2 quadruple mutant (QM) PDZ domains. The secondary structure elements are
indicated by rectangles (a-helix) and arrows (G-strand). The residues highlighted in (A) are boxed and labeled. Tiam1 and Tiam2 sequence numbering is
indicated at above and below of the sequence, respectively. To see this figure in color, go online.
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Tiam2 QM PDZ was switched to that of the Tiam1 WT PDZ.
Solution NMR-based analyses of the WT and QM PDZs
showed that two loop regions in Tiam2 WT PDZ were dy-
namic, whereas the Tiam2 QM PDZ had dynamic motions
detected in many regions across the entire domain. However,
the dynamics in both WT and QM PDZ domains were largely
quenched upon ligand binding. The difference in protein dy-
namics may be related to the distinct contributions of entropy
during ligand-binding events. Further, thermodynamic cycle
and cube analyses revealed cooperativity between the Sg
and S_, subpockets and highlighted the importance of the
E979K mutation in the switch of ligand specificity. Taken
together, the engineered Tiam2 QM PDZ domain provides
unique insight into how structure, dynamics, and thermody-
namics combine to modulate ligand-binding specificity.

MATERIALS AND METHODS

Expression, mutagenesis, and purification of
proteins

The Tiam2 WT PDZ domain expression vector has been described (7).
Briefly, the DNA sequence for the mouse Tiam2 PDZ domain was ligated
into a modified pET21 expression vector (Novagen, Madison, WI) that con-
tains an N-terminal 6x His-tag and tobacco etch virus protease site. All
Tiam2 PDZ domain mutants were produced using oligonucleotide-directed
mutagenesis with the Tiam2 WT PDZ domain DNA as a template and veri-
fied by automated DNA sequencing (Genomics Division, Iowa Institute of
Human Genetics, University of Iowa, Iowa City, IA). Protein expression
was achieved using Escherichia coli Rosetta cells (Novagen) grown in
Luria Bertani or M9 minimal media containing uniformly labeled
SNH,CI (99%) and D-glucose (U-">C-99%) to produce '°N and "*N/'*C
isotopic-labeled proteins. Protein purification followed our previously pub-
lished protocol and included nickel-chelate and size-exclusion (S-75) chro-
matography (GE Healthcare, Chicago, IL) (7). The N-terminal 6x His
affinity tag was proteolytically removed by incubation of the His-tagged
PDZ protein with recombinant tobacco etch virus protease overnight at
room temperature. The undigested PDZ fusion protein, cleaved 6x His-
tag, and 6xHis-recombinant tobacco etch virus protein were separated
from the digested PDZ domain by nickel-chelate chromatography.

Fluorescence anisotropy binding measurements

Fluorescence anisotropy binding assays were performed on a Fluorolog3
(Jobin Yvon, Horiba, Kyoto, Japan) spectrofluorometer. Binding experi-
ments were performed at 25°C using 1 uM dansylated peptides in phos-
phate buffer (20 mM NaPO, and 50 mM NaCl (pH 6.8)) and increasing
amounts of Tiam2 PDZ domains. The fluorescence anisotropy signal was
recorded using excitation and emission wavelengths of 340 and 550 nm,
respectively. Typically, each measurement was made in triplicate, and their
average and SE reported. The titration curves were analyzed by nonlinear
regression fitting of binding isotherms to generate the dissociation constants
(Ky) as previously described (15). Analyses of thermodynamic cycles and
cubes used the propagated error obtained from binding experiments for
each PDZ/ligand pair.

NMR spectroscopy

Tiam2 PDZ samples in phosphate buffer (20 mM NaPO, and 50 mM NaCl
(pH 6.8)) were used at a concentration of 0.5 mM for the titration experi-
ments and 1 mM for collection of assignment and relaxation data. NMR
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spectra were collected on Varian Inova 600 MHz (room temperature probe),
Bruker Avance II 500 MHz (room temperature probe), and Avance II
800 MHz (CryoProbe™) spectrometers. All spectra were collected at
25°C except where noted. Standard two-dimensional ]H-ISN-HSQC,
three-dimensional HNCACB, CBCA(CO)NH, and HNCA were acquired
for backbone resonance assignments. Peptide NMR titration experiments
were carried out by recording a series of two-dimensional 'H-">N-HSQC
spectra of Tiam2 PDZ domains in the presence of Caspr4 or SDCI ligand
added in eight steps to saturation (with a final molar ratio of PDZ domains
to ligand ranging from 1:5 to 1:10, depending on the complex). '°N relax-
ation-compensated CPMG experiments were performed at 500 and
800 MHz field-strength spectrometers (16.17). The experiment was carried
out with a reference experiment, 12 7., values, and three duplicates using a
total CPMG period of 60 ms recorded in an interleaved fashion. 'H-'>N
HSQC spectra were collected before and after each experiment to ensure
sample integrity.

All NMR data were processed using NMRPipe (18), NMRView (19), and
Sparky (20). The CPMG experiments were analyzed as previously
described (14). Peak intensities from all resonances, except for those with
significant overlapping or weak intensities, were extracted and analyzed.
In all, 64/72 and 56/64 nonproline amides were analyzed for the WT and
QM Tiam2 PDZ domains, respectively. R, o values from two fields were
calculated and fitted simultaneously. Residues with significant chemical ex-
change (>2 Hz) were identified by fitting their intensities using both a
model assuming no exchange and a simple two-state model, followed
with F test (eritica = 0.01). These residues were then fitted using the full
Carver-Richards equation (21) to obtain the relaxation parameters using
the program exrate2.0 (22). Monte Carlo simulations were used to deter-
mine the errors in the fitted parameters. Residue-dependent local fits
were carried out before the global fits. The criteria for group fitting was
ngmup/)(zk,m] < 2, where x210c31 is the Xz when a residue is locally fit,
and ngmup is the x* of the same residue when fit in a group (23,24). If
this criterion was not met, then individual local fits were used.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed on a
VP-ITC microcalorimeter (MicroCal, Northampton, MA). The Tiam2
PDZ domains were dialyzed extensively in phosphate buffer (20 mM
NaPO, and 50 mM NaCl (pH 6.8)) before all experiments. N-terminally
acetylated peptides were used in these experiments and dissolved in the
same dialysis buffer. The concentration of peptide and protein was deter-
mined using the bicinchoninic acid assay (Pierce Biotechnology, Thermo
Fisher Scientific, Waltham, MA). Typically, ~1.4 mL of PDZ domain
(0.03-0.4 mM) was placed in the sample cell with 300 uL peptide (0.4—
6.5 mM) loaded into the syringe equilibrated at 25°C. Heats of dilution
were determined in separate experiments by titrating peptides into ITC
buffer. Thermograms of PDZ/peptide interactions were corrected for heats
of dilution using ORIGIN software (v7.0, MicroCal). The change in
enthalpy (4H), association constant (K,), and stoichiometry (n) were
obtained by nonlinear least squares fitting of the data using a single-site
binding model in ORIGIN software. Representative data are reported,
and the average fitted parameters were determined from two to three repli-
cate experiments.

Chemical denaturation

Chemical denaturation experiments were carried out by monitoring the
circular dichroism (CD) signal while varying the concentration of guanidi-
nium hydrochloride (Gdn-HCI). WT and mutant Tiam2 PDZ domains were
used at the final concentration of 10 uM in the phosphate buffer (20 mM
NaPO,4 and 50 mM NaCl (pH 6.8)). The proteins were incubated with a
given concentration of Gdn-HCI for 24 h before each CD measurement.
The concentration of the stock Gdn-HCI solution was determined by



measuring the refractive index (Abbe-3L; Thermo Fisher Scientific)
(25,26). A 1 mm optical length cuvette was used to measure the changes
in ellipticity at the wavelength of 222 nm and at 25°C in a Jasco J-815
spectropolarimeter. The data were normalized to the maximal and minimal
signals and fitted into a two-state model with a single transition between
native and denatured protein (25,27). The average free energy of folding
(4Gy) and C, and their associated errors were derived from measurements
obtained in triplicate.

RESULTS

Mutations in the Tiam2 PDZ domain switch ligand
specificity

We previously designed a QM in the Tiaml PDZ domain
(Tiam1l QM) and showed that its binding specificity is
switched to that of the Tiam2 PDZ domain (7,14). To deter-
mine whether the analogous four residues in the Tiam2 WT
PDZ are important for specificity, we produced the Tiam2
QM PDZ (M978L/E979K/F982L/V987L) (Fig. 1) and per-
formed fluorescence-based binding assays using a panel of
Tiam family ligands (C-terminal peptides derived from
Caspr4, NRXNI1, and SDC1-4 proteins). The dissociation
constants (K4) for the interaction between Casprd,
NRXNI1, and SDC1 and the Tiam2 QM PDZ domain were
switched, approaching those of the Tiam1 WT PDZ domain.
For instance, the Tiam2 QM PDZ bound the Caspr4 peptide
with a Ky of 13.6 uM (4G, = —6.64 kcal/mol), which was
weaker than that for Tiam2 WT PDZ (Kq = 3.4 uM; 4G, =
—7.46 kcal/mol) and similar to the Tiaml WT PDZ (K4 =
19.3 uM; 4G, = —6.43 kcal/mol) (Fig. 2). The Ky of
the Tiam2 QM PDZ/NRXNI interaction was slightly
weaker (14.5 uM; 4G, = —6.60 kcal/mol) than that
determined for Tiam2 WT PDZ/NRXNT1 (5.0 uM; 4G, =
—7.22 kcal/mol)—trending toward the much weaker
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Tiam1 WT PDZ/NRXNI affinity (Kq = 2400 uM; 4Gy, =
—3.57 kcal/mol).

The dissociation constant of Tiam2 QM PDZ/SDCI1 com-
plex was 6.9 uM, tighter than both WT Tiam1 and Tiam2
PDZ domains. Indeed, all the ligands from the SDC family
bound to Tiam2 QM PDZ relatively tightly, with Kgs
ranging from 6.9 to 22.3 uM (4G ranging from —7.04 to
—6.34 kcal/mol). Among the SDC family members,
Tiam2 QM PDZ bound SDCI1 and SDC3 more tightly
than SDC2 and SDC4. This result is in harmony with the
binding specificity of the Tiaml WT PDZ, which prefers
SDC1 and SDC3 (13). In contrast, the Tiam2 WT PDZ
had a binding preference for SDC2, whereas other SDC
family members bound weaker (Kgs > 200 uM; Fig. 2).
Moreover, the affinity of the SDC1 A — F mutant was
slightly weaker for the Tiam2 QM compared to the WT,
whereas the affinity of the Caspr4 F — A mutant was
increased for the Tiam2 QM compared to the WT. Overall,
8 of the 10 peptides bound the Tiam2 QM with a K, trending
toward that of Tiam1 WT, indicating a general specificity
change in the Tiam2 QM PDZ domain (Fig. 2 B).

Intrinsic dynamics of the WT and QM Tiam2 PDZ
domains

Nitrogen HSQC (‘*H-"N HSQC) spectra were collected to
examine structural features in the WT and QM Tiam2
PDZ domains (Fig. 3). Overall, the Tiam2 WT PDZ domain
had dispersed '"H and >N chemical shifts, indicative of a
folded protein. However, only 72 of 91 nonproline residues
were observed in the "H-'">N HSQC spectrum of the Tiam2
WT PDZ, with the remaining peaks exchange broadened
beyond detection (Fig. 3 A). Resonance assignment of
amide peaks indicated that the 19 broadened resonances
originate from residues 930-940, 952, 970-971, 973-975,

Dissociation constants (K 4s) for WT and QM Tiam2 PDZ domain
peptide interactions
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FIGURE 2 Ligand-binding specificity of the Tiam2 QM PDZ domain. (A) Representative binding curves of the Tiam2 QM PDZ. The K values reflect the
mean and SD from at least three technical replicates. (B) Shown is a summary of the peptide-binding data for Tiam2 WT, Tiam2 QM, and Tiam1 WT PDZ
domains. The color coding shows graphically the trend in affinity of the Tiam2 QM and Tiam1 WT compared to the Tiam2 WT PDZ. The column labeled
“Trend” indicates with an arrow the trend in affinity (higher (1) or lower (| )). The scale of the color coding is defined at the bottom. To see this figure in

color, go online.
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to 977-978. Because there is currently no structure of the
Tiam2 WT PDZ domain available, these residues were map-
ped onto a homology model of the Tiam2 WT PDZ gener-
ated using the SWISS-MODEL server (28) and the Tiam1
WT PDZ structure (Protein Data Bank [PDB]: 4GVC) as
template. The exchange-broadened residues cluster together

930-940

930-940
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FIGURE 3 'H-'>N HSQC spectra and structural
models of WT and QM Tiam2 PDZ domain free
and bound to ligands. (A and B) WT PDZ Tiam2
PDZ in ligand-free state is shown. (C and D)
Tiam2 WT PDZ bound to Caspr4 is shown. (E and
F) Tiam2 QM PDZ in ligand-free state is shown.
(G and H) Tiam2 QM PDZ bound to SDC1 is shown.
Each panel represents an HSQC spectrum and the
backbone resonance assignments mapped onto the
structural model. Select residues are labeled to guide
the comparison between spectra. Residues broadened
beyond detection are colored in red, whereas residues
with weak intensities are colored in pink. The Tiam2
QM homology model was generated by mutating the
four residues in the WT homology model created in
SWISS-MODEL (26). The PDZ/peptide complexes
were generated starting with the apo Tiam2 WT
PDZ. The Tiam2 WT/Caspr4 complex was generated
by overlaying the Tiam2 WT model with the Tiam1
QM/Caspr4 structure (PDB: 4NXQ) and including
the Caspr4 pose with the Tiam2 WT model. The
Tiam2 QM/SDC1 complex was generated by over-
laying the QM model with Tiaml WT/SDC1 struc-
ture (PDB: 4GVD), keeping the SDC1 pose. These
models are shown simply to indicate the location of
the peptide-binding site. To see this figure in color,
go online.

to form a continuous region comprised of the 32-33 loop,
the N-terminal region of the (63 strand, and the ($4-a2 loop
to the beginning of a2 helix (Fig. 3 B). From this data, we
conclude that the $2-63 loop, $4-a2 loop, and peripheral
regions are highly dynamic on the us-ms timescale in
solution.



The four substituted residues in the Tiam2 QM PDZ had a
dramatic effect on the 'H-'N-HSQC spectrum. Only 64
peaks appeared in the spectrum, and their intensities were
not uniform, suggesting a significant increase in internal
dynamics (Fig. 3 E). Assignment of these 64 resonances
provided the identity of the 27 broadened resonances. Map-
ping these residues onto a homology model showed a
similar pattern seen with the Tiam2 WT PDZ domain with
the same 19 residues in the 32-33 and $4-a2 loops being ex-
change broadened. The remaining broadened residues were
found in the &2 helix (residues 976, 979, and 981), the 51-62
loop (residues 922 and 923), the 62 strand (residues 926 and
928), and the «1 helix (residue 951) (Fig. 3 F). In addition,
residues 914, 916, 921, 924, 943, 964, and 980 had signifi-
cantly reduced intensities.

Enhanced dynamics of the QM PDZ were also observed
in side chain methyl groups. We examined this phenomenon
by acquiring methyl 'H-'C heteronuclear single quantum
coherence (HSQC) for the WT and QM PDZ domains.
'H-'3C-HSQC methyl side chain spectra resolved 59 of 64
methyl resonances (from Met, Ala, Thr, Val, Leu, and Ile
residues) in the Tiam2 WT PDZ, whereas only 50 of 67 res-
onances were observed in the QM PDZ (Fig. S1). Of the 20
exchange-broadened amide resonances seen in the WT
"H-">’N-HSQC spectrum, there were only eight methyl-
bearing residues (containing a total of 15 methyl groups).
Moreover, 12 of the 28 missing amide resonances in the
QM were methyl-bearing residues (containing a total of
20 methyl groups). However, only 5 out of 64 methyl signals
(8%) were found to be exchange broadened in the WT
"H-"3C-HSQC spectrum, whereas 17 out of 67 methyl sig-
nals (~25%) in the QM PDZ domain were exchange broad-
ened (Fig. S1). Thus, a larger proportion of the methyl
resonances were exchange broadened in the QM relative
to the WT PDZ domain, which may be a critical parameter
linked to changes in specificity seen in the Tiam2 QM PDZ.
Combined, this data shows that mutating four residues in the
Tiam2 PDZ domain dramatically increased the number of
residues experiencing dynamic motions at both the back-
bone and side chain level.

Next, we used NMR spectroscopy to monitor the effect of
ligand binding on the exchange-broadened peaks of the WT
and QM Tiam2 PDZ domains. A series of 'H-'>N-HSQC
spectra were collected for '"N-labeled Tiam2 WT or QM
PDZ as a function of an increasing peptide concentration.
Typically, we found the complexes to be in slow exchange
upon the titration of peptide when the dissociation constant
was ~10 uM or tighter, whereas weaker peptide binding
with K4 > 20 uM generally resulted in a fast exchange on
the NMR timescale. Titration with the SDC1 peptide
(K4 ~200 uM) was found to be in fast exchange and resulted
in several peaks being shifted from the apo state, but
no additional peaks became resolved in the spectrum
(Fig. S2 A). In contrast, marked chemical shift perturbations
were observed in the presence of the Caspr4 peptide
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(Kq ~3 uM). Moreover, 15 additional resonances became
resolved in the spectrum upon saturation with the Caspr4
peptide, giving 87/91 peaks in total (Fig. 3 C). The other
four expected resonances (Q930, E933, L937, and D974),
located in the $2-63 loop, remained broadened (Fig. 3 D).
Thus, peptide binding stabilized the Tiam2 WT PDZ
domain, resulting in quenched dynamics.

The effect of ligand binding on the of 'H-'>N-HSQC
spectrum of the Tiam2 QM PDZ domain was also examined.
In contrast to Tiam2 WT PDZ spectrum, titration of the QM
PDZ with the Caspr4 peptide (Kyq ~14 uM) resulted in 78
resonances being resolved (Fig. S2 B). Moreover, titration
with SDC1 (K4 ~7 uM) resulted in resonances in the slow
exchange regime and a spectrum with 84 resonances of uni-
form intensity (Fig. 3 G). The seven broadened resonances
(929-931, 933, 937, and 939 in the $2-33 loop and residue
970 in the $4-«2 loop) are mapped onto a homology model
of Tiam2 QM PDZ domain (Fig. 3 H). These data show that
the broadened resonances in the a2 helix, 31-52 loop, and
a1 helix are observable in the presence of SDC1 and Caspr4
ligands, indicating dampened dynamic motions in these
regions.

Microsecond-millisecond timescale motions in
WT and QM Tiam2 PDZ domains

To quantitatively characterize the distinct microsecond to
millisecond (us-ms) timescale dynamic behavior in the
WT and QM Tiam2 PDZ domains, we conducted 5N
Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion
experiments (17,24). This approach relies on using a
CPMG pulsing scheme to measure transverse relaxation
(R,) and its dependence on the effective field strength
(Vcpmg) to quantify chemical exchange (R.) (from confor-
mational dynamics). Representative relaxation dispersion
curves for the Tiam2 WT PDZ domain are shown in
Fig. 4 A. Eight residues exhibited chemical exchange on
the us-ms timescale, whereas the other 56 residues had no
measurable R.x (R.x = 0). The eight dispersion curves
were fit to a global, two-state model, yielding an exchange
rate constant (ke = 2355 s '), the population of the major
and minor states (p and pg), and the difference in chemical
shift between these states (4w) (Fig. S3; Table 1). The eight
residues are mapped onto the structural model of the Tiam?2
WT PDZ domain (Fig. 4 B).

In contrast, the Tiam2 QM PDZ domain had enhanced
us-ms motions. Overall, 34 residues from Tiam2 QM PDZ
domain had significant R., values (Fig. S4; Table 2), and
most of these residues did not show chemical exchange
(Rex = 0) in the WT PDZ domain. Only resonances from
residues 927, 965, 966, and 968 were common to both
PDZ domains. Furthermore, residues 926, 928, and 979
were broadened beyond detection. Representative disper-
sion curves for several residues and their location on the
PDZ domain are shown in Fig. 4, C and D. The residues
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with significant R., were distributed throughout the PDZ
domain, including the o2 helix, §1-32 loop, $2- 3 loop,
and (3-al region, indicating widespread dynamic motions
on the us-ms timescale (Fig. 4 D). The relaxation dispersion

TABLE 1 Fitted Parameters for the Tiam2 WT PDZ Domain
15N-CPMG Relaxation Dispersion Curves

Residue 4w (ppm)  Rop%s™") (500 MHz) R, 5°(s™") (800 MHz)
926 1.248 + 0.099 1134 + 0.18 1247 + 0.42
927 0.567 + 0.043 11.63 + 0.06 1291 + 0.11
928 1.561 + 0.123 11.60 + 0.19 12.49 + 0.40
965 1.334 + 0.102 1175 + 0.17 13.81 + 0.48
966 1.586 + 0.123 11.95 + 0.16 12.63 + 0.39
968 0.719 + 0.053 10.78 + 0.05 11.59 + 0.10
979 1.494 + 0.117 12.09 + 0.15 1320 + 0.36
987 1.129 + 0.087 1221 + 0.09 12.95 + 0.20

Results from global fitting of data with ke, = 2355 + 53 s~ ' and ps =
0.864 = 0.026. The error for each parameter was estimated from Monte
Carlo simulations.
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data for these residues did not fit to a single, global process.
Instead, the data was best represented by individual fits for
each residue with ke, values ranging from 170 to 1700 s~'
(Table 2), suggesting distinct motions in the Tiam2 QM
PDZ domain compared to the WT. Overall, these experi-
ments indicate that the QM PDZ domain had a pronounced
increase in us-ms dynamics compared to the WT protein.

Structural consequences caused by individual
mutations

Having examined the structural and dynamic effects of
mutating the four residues in the Tiam2 WT PDZ (i.e., the
QM), we sought to investigate the contribution of individual
and paired mutations. Fig. 5 shows the overlay of the
"H-""N-HSQC spectra of the WT and mutant PDZ proteins.
Although chemical shift perturbations were evident in the
spectra for the single and double mutant PDZ domains
compared to Tiam2 WT PDZ spectrum, none approached
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TABLE 2 Fitted Parameters for the QM PDZ Domain '>N-CPMG Relaxation Dispersion Curves

Residue kex 571 Aw (ppm) Pa R>5° (s™1) (500 MHz) R>5° (s™') (800 MHz)
909 401 + 31 1.012 £ 0.099 0.847 + 0.032 13.37 £ 0.11 16.96 + 0.28
910 321 + 55 0.583 = 0.121 0.705 = 0.086 16.70 = 0.20 20.07 = 0.93
913 242 + 53 0.625 + 0.094 0.944 + 0.013 14.88 £ 0.10 17.03 £ 0.26
915 220 + 39 0.493 + 0.053 0.708 = 0.072 1476 + 0.17 15.82 = 0.64
916 171 = 70 0.494 + 0.107 0.857 £ 0.069 16.68 + 0.25 2025 = 0.63
917 552 + 71 0.902 = 0.176 0.922 = 0.038 13.36 + 0.17 14.38 + 0.39
919 504 + 277 0.597 + 0.200 0.914 + 0.055 21.48 + 0.32 24.14 + 0.72
920 517 + 38 0.713 = 0.092 0.855 = 0.053 14.17 = 0.12 16.55 = 0.31
927 658 * 49 1.024 £ 0.141 0.892 + 0.037 15.58 £ 0.15 17.75 £ 0.39
942 496 = 110 0.668 = 0.162 0.908 = 0.036 18.20 = 0.20 20.58 = 0.55
944 297 + 29 0.498 + 0.052 0.768 = 0.061 11.52 % 0.11 13.42 £ 0.29
945 233 + 62 0.710 = 0.152 0.935 = 0.032 12.99 + 0.16 1427 = 043
950 497 + 105 0.700 + 0.159 0.897 + 0.047 18.12 £ 0.23 20.72 + 0.66
953 709 + 160 0.615 = 0.125 0.936 + 0.025 16.90 = 0.15 1825 + 0.36
954 788 + 173 0.485 = 0.077 0.936 + 0.023 1529 + 0.10 17.77 = 021
957 337 + 66 0.581 = 0.090 0.941 = 0.017 16.09 = 0.10 1822 + 0.20
958 603 + 119 0.592 + 0.143 0.933 * 0.036 16.57 + 0.14 18.20 + 0.35
959 1108 = 668 0.484 = 0.197 0.936 = 0.065 17.10 = 0.21 19.69 + 0.50
960 261 + 29 0.699 = 0.089 0.883 = 0.029 15.45 = 0.09 18.75 = 0.25
961 350 + 66 0.726 = 0.142 0.692 = 0.104 17.28 + 0.34 19.07 = 1.12
963 528 + 155 0.857 = 0.209 0.933 = 0.037 1831 = 0.30 20.73 = 0.69
964 263 * 47 0.479 £ 0.059 0.902 + 0.031 16.77 £ 0.09 19.26 £ 0.20
965 474 + 85 1.047 £ 0.204 0.941 + 0.022 17.41 £ 0.17 20.60 + 0.43
966 1712 = 439 0.707 = 0.121 0.929 = 0.028 17.34 + 0.22 19.14 + 0.52
967 487 * 123 0.469 = 0.087 0.942 + 0.026 15.40 = 0.09 17.59 = 0.22
968 791 * 43 0.752 + 0.093 0.666 + 0.073 15.23 + 0.16 18.68 = 0.56
982 613 + 177 2.179 + 0.439 0.887 = 0.046 17.42 + 051 2132 + 1.29
984 638 + 70 1.130 = 0.160 0.926 + 0.023 1593 = 0.18 1825 = 047
985 289 + 45 0.662 = 0.107 0.764 = 0.074 15.84 = 0.21 16.86 = 0.64
986 372 = 47 0.482 + 0.079 0.930 + 0.029 14.14 £ 0.05 16.61 + 0.13
988 643 + 120 0.900 + 0.225 0.898 + 0.055 1634 = 031 19.23 + 0.88
989 375 = 93 0.490 + 0.084 0.869 + 0.048 16.72 = 0.19 18.69 = 0.55
991 435 + 81 0.531 = 0.077 0.901 = 0.036 17.47 = 0.15 19.82 = 035
994 493 + 23 0.601 = 0.056 0.900 = 0.020 11.92 = 0.05 13.52 + 0.12

Results from fitting individual residues to the data. The error for each parameter was estimated from Monte Carlo simulations.

the dramatic changes observed in the QM PDZ domain. The
E979K mutant showed perturbed chemical shifts in residues
E979 and Q977 and in the $1-82 loop (F923, V927, and
Q930) (Fig. 5 A). The F982L. mutation induced additional
changes, perturbing resonances in both the «2 helix
(Q977, F982, S983, E984, and S986) and (1-62 loop (resi-
dues 923-928) (Fig. 5 B). The E979K/F982L double mutant
had an “additive effect” on the spectrum, in which the two
mutations affected the chemical shifts of the same residues
in the single mutants with no additional resonances being
perturbed (Fig. 5 C). Likewise, the M978L/V987L double
mutant affected both residues in the a2 helix and those in
B1-82 loop—resonances from Q976, Q977, M978, V987,
L989, T990, D922, G924, F927, and Q930 were either
shifted or broadened (Fig. 5 D). In contrast, the four muta-
tions in the QM PDZ domain had a widespread effect on
the HSQC spectrum (Fig. 5 E), including residues from
the o2 helix through the ($2 strand to §1-32 loop and
B3-al loop as stated above (Fig. 3, E and F). Importantly,
none of the single or double mutant PDZ domain spectra
studied here shared the significant line-broadening effects

seen in the QM PDZ spectrum, suggesting that a cooperative
effect of the four residues is required for altering the
structure and dynamics. Here, we use “cooperative” to
describe the structure and dynamics observed when multiple
mutations do not add up to the effects observed in QM.
However, we did not test all permutations of the four muta-
tions, so it is possible that other combinations of double or
triple mutations are cooperative.

Distinct enthalpic and entropic contributions
along the mutation trajectory

Ligand-binding thermodynamics of PDZ/ligand interactions
were examined by ITC. The analyses of the interactions of the
Caspr4 ligand with WT and QM Tiam2 PDZ revealed that the
binding affinities (K4s) were approximately two-fold weaker
than the values obtained from fluorescence anisotropy mea-
surements (Figs. 2 and 6). This is consistent with previous
studies that found similar differences in Tiaml WT PDZ/
ligand interactions in the presence and absence of a fluoro-
phore (8,13,14). Caspr4 binding to the WT and QM Tiam?2
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PDZ gave similar binding free energies, —7.07 and
—6.16 kcal/mol, respectively. However, the contribution
from the enthalpy and entropy was distinct (Fig. 6 B). The
Tiam2 WT PDZ/Caspr4 interaction was an enthalpically
driven (4H = —7.85 kcal/mol) process coupled with unfa-
vorable entropy. In contrast, the enthalpy in the Tiam2 QM
PDZ/Caspr4 interaction was approximately half of the WT/
Caspr4 value (4H = —4.16 kcal/mol), though with a favor-
able entropy change (—74S = —2.00 kcal/mol).

Next, we sought to dissect the molecular origin of the
entropic contributions by analyzing the two double mutant
PDZ domains. Caspr4 binding to the Tiam2 E979K/F982L
PDZ remained enthalpically driven (4H = —8.67 kcal/
mol), whereas Caspr4 binding to the M978L/V987L double
mutant was entropically driven (—74S = —4.23 kcal/mol)
(Fig. 6). These data imply that the Tiam2 QM PDZ utilizes
a distinct thermodynamic mechanism compared to the WT
in binding the Caspr4 ligand. These data also reveal that res-
idues M978L and VI987L play a significant role in redistrib-
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uting the enthalpy/entropy balance in the QM/Casprd
complex.

Modulating ligand binding through individual
PDZ domain specificity pockets

Significantly, ligand-binding experiments revealed that the
Tiam2 QM PDZ domain generally bound SDC family
members much tighter than the WT Tiaml and Tiam2
PDZ domains (Fig. 2). To further examine the molecular or-
igins of this change in specificity, we examined the binding
of single mutants to SDC family peptides, NRXN1 and
Caspr4. Our recent structure of Tiaml QM PDZ/ligand
complexes showed that residues E912 and F915 play signif-
icant roles in ligand recognition (14). Therefore, these sub-
stitutions at the analogous sites in the Tiam2 PDZ domain
(E979K and F982L) were examined. The two mutant PDZ
domains had a significantly higher affinity for the SDC fam-
ily peptides, whereas their affinity for NRXN1 and Caspr4
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FIGURE 6 Thermodynamic analysis of Tiam2 PDZ/Caspr4 peptide interactions determined by ITC. (A) Representative thermograms and integrated titra-
tion curves are shown for the Caspr4 ligand bound to Tiam2 WT, E979K/F982L, M978L/V987L, and QM PDZ domains. Protein and ligand concentrations
used in the experiments are indicated. (B) Average thermodynamic parameters for Tiam2 PDZ/Caspr4 interactions at 25°C are shown. The change in enthalpy
(4H), association constant (K,), and stoichiometry (n) were fit by nonlinear least squares analysis using a single-site binding model in ORIGIN software.
Each parameter represents the mean and SD from two to three technical replicates.

was only marginally weaker compared to the Tiam2 WT
PDZ (Table 3). Specifically, the F982L PDZ mutant bound
the SDC1-4 peptides with affinities ranging from 39 to
126 uM (1.8-3.5-fold tighter than WT), with the highest
affinity being for SDC2. This trend mirrored the Tiam2
WT PDZ specificity for the SDC family. In contrast, the
E979K PDZ mutant had switched specificity—having
SDCI1 and SDC3 as its tightest interaction partners. This
is distinct from the SDC family specificity for the WT and
F982L Tiam2 PDZ domains but in line with the Tiam2
QM and Tiaml WT PDZ domains. Indeed, the E979K
mutant bound to SDC1-4 with affinities ranging from
~10-41 uM, which was ~1.8-~20-fold tighter than the
Kgs found in Tiam2 WT PDZ binding with SDC1 peptide
binding the tightest. Comparison of the E979K and F982L
affinity for the SDC family members shows that the
E979K mutant had a larger effect on binding SDCI1, 3,
and 4. However, FO82L played a larger role in altering the
affinity for SDC2, NRXN1, and Caspr4, all of which have
a lysine at position P_4. Together, these results suggest that
both mutations play critical, but distinct, roles in switching
the Tiam2 WT PDZ specificity. The FO82L effect likely
occurs through hydrophobic interactions, whereas the
E979K effects are mediated by an electrostatic interaction
with ligands.

Thermodynamic analysis of interpocket
cooperativity

The Tiam2 PDZ E979K/F982L double mutant was
produced to assess the energetic cooperativity between these
two residues located in separate specificity pockets (S_, and
So; Fig. 1) with respect to stability and ligand binding. The
E979K/F982L double mutant bound SDC1—4 peptides more
tightly than either the WT and QM Tiam2 PDZ domains,
suggesting that the M978L and V987L mutations oppose
the E979K and F982L mutations in determining ligand
affinity (Table 3). These results also imply a synergistic
role for the E979K and FI982L residues in ligand binding.
To test this idea, we constructed thermodynamic cycles
(29,30) using WT, E979K, F982L, and E979K/F982L
Tiam2 PDZ domains and determined the coupling free en-
ergies for several ligands. We found that residues E979
and F982 were energetically coupled in a ligand-dependent
fashion (Table 3). No significant cooperativity was found in
the binding of SDC3 (4G, = —0.04 kcal/mol) and SDC4
(4G = 0.07 kcal/mol), whereas residues E979 and F982
were coupled in response to binding SDC1 (4Gj, =
0.30 kcal/mol). In the case of SDCI1, the E979K/F982L
mutant had an increased affinity compared to the two
individual mutants, and most of the energy change was
due to the E979K mutation. The E979K and F982L residues
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TABLE 3 Coupling Free Energies of Binding for Tiam2 PDZ
Mutants as a Function of Binding to SDC Family, Caspr4, and
NRXNT1 Ligands

Tiam2 PDZ Domain K4 (uM) 4G, (kcal/mol)®  AG;y, (kcal/mol)®
SDC1 (TKQEEFYAcoon)

WT 200 + 20° —5.05 = 0.06

E979K 102 £ 0.7 —6.81 £ 0.04

Fo82L 56.7 £ 6.9 —5.77 £ 0.06

E979K/F982L 54 + 09 —7.23 + 0.04 0.30 = 0.10
QM 6.9 + 0.6 —7.04 = 0.05

SDC2 (APTKEFYAcoom)

WT 746 £ 53 —5.63 = 0.04

E979K 413 £ 58 —=598 = 0.09

FO982L 38.7 + 4.8 —6.02 = 0.10

E979K/F982L 141 £ 0.6 —6.62 = 0.03 —-0.25 = 0.14
QM 225 + 1.5 —6.34 + 0.04

SDC3 (DKQEEFYAcoom)

WT 225 = 11 —4.98 + 0.03

E979K 18.0 £ 0.6 —6.47 = 0.02

F982L 112 = 5 —5.39 + 0.03

E979K/F982L 84 = 04 —6.92 + 0.03 —0.04 = 0.05
QM 133 £ 1.0 —6.65 £ 0.05

SDC4 (APTNEFYACOOH)

WT 275 = 47 —4.86 = 0.10

E979K 298 £ 73 —6.20 £ 0.21

FO82L 126 = 3 —5.32 + 0.02

E979K/F982L 186 £ 50 —6.59 £ 0.23 0.07 £ 0.33
QM 197 £ 1.7 —6.42 + 0.05

NRXN1 (NKDKEYYVCOOH)

WT 50 = 02° 722 +0.04

E979K 6.7 = 0.1 —7.06 = 0.01

F982L 149 £ 3.6 —6.59 + 0.14

E979K/F982L 5.0+ 03 —7.22 + 0.04 —0.80 = 0.09
QM 145 £ 14 —6.60 £ 0.06

Caspr4 (ENQKEYFF coon)

WT 34 + 0.3° —7.46 = 0.05

E979K 49 £ 1.1 —7.25 £ 0.14

Fo82L 59 + 1.6 —7.15 = 0.18

E979K/F982L 1.9 = 0.1 —7.84 £ 0.04 —0.90 = 0.23
QM 13.6 = 2.1 —6.64 + 0.09

“Abbreviations: b, binding; int, interaction (or coupling); QM, quadruple
mutant (M978L/E979K/F982L/VI8TL).

bA Gim = [A Gb (WT) — AGb (mutantl)] — [ AG[—, (mutantz) — AGb
(mutant; 5)].

“Data taken from Shepherd et al. (7). The error for each parameter was esti-
mated from triplicate measurements. The error of individual measurements
was propagated to obtain the error in coupling free energy.

were also coupled in SDC2 (4G, = —0.25 kcal/mol),
NRXNI1 (4G, = —0.80 kcal/mol), and Casprd (4Gj,, =
—0.90 kcal/mol) binding, such that the double mutant
enhanced the binding compared to the individual mutations.
Interestingly, although both single mutants (E979K and
F982L) reduced binding to NRXN1 and Caspr4, together
they worked cooperatively to enhance the affinity compared
to both the WT and QM PDZ domains. Together, these
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data revealed ligand-dependent cooperativity between the
E979K and F982L side chains that are located in distinct
(Sp and S_,) specificity pockets.

Protein folding stability of WT and QM Tiam2 PDZ
domains

Amino acid substitutions in proteins often affect their
thermodynamic stability. We used the CD signal at
220 nm to monitor the unfolding transition of Tiam?2
PDZ domains as a function of increasing concentrations
of Gdn-HCI. The folding energies of the Tiam2 PDZ
domains ranged from —3 to —5 kcal/mol (Fig. S5;
Table 4). The Tiam2 WT PDZ was the least stable
(4G; = —3.08 kcal/mol), whereas the E979K and F982L
mutants were slightly more stable than the WT (4Gy =
—3.19 and —3.27, respectively). The E979K/F982L dou-
ble mutant was significantly more stable (4G; =
—3.91 kcal/mol). Double mutant cycle analysis revealed
weak cooperativity (4Gj,, = —0.53 kcal/mol) between
the E979K and F982L residues. The M978L/V987L dou-
ble mutant was even more stable with a folding energy of
—4.46 kcal/mol, whereas the QM PDZ was the most stable
PDZ variant (4G = —5.04 kcal/mol). For reference, the
Tiaml WT and QM stabilities (4G;) were —2.6 and
—0.82 kcal/mol, respectively (14). Interestingly, the muta-
tions reported here generally had a stabilizing effect, un-
like what is typically seen for most mutations in the
literature. This was likely because the region surrounding
the mutations is inherently dynamic in the WT (Fig. 4);
therefore, the penalty for having defects in QM side chain
packing is mitigated (31,32). The substitutions introduced
in QM may lead to new interactions (i.e., van der Waals or
ionic) that are favorable for side chain packing, which has
yet to be validated by structural studies. These data indi-
cate that the Tiam2 QM is markedly more stable than
the WT and that the E979K and F982L residues (and the
Sp and S, specificity pockets) are coupled during the
folding process.

TABLE 4 Coupling Free Energies of Folding for Tiam2 PDZ
Mutants

Tiam2 PDZ

Domain Cy [mM]* AGy (kcal/mol) 4Gy, (keal/mol)®
WT 1.26 = 0.02 —3.08 = 0.18

E979K 1.29 + 0.01 -3.19 = 0.16

F982L 1.33 = 0.02 —3.27 = 0.15

E979K/F982L 1.41 = 0.02 —-391 = 0.17 —0.53 + 0.33
M978L/VI8TL 1.60 = 0.02 —4.46 + 0.17

QM 1.78 + 0.03 —5.04 £ 0.17

#Abbreviations: Cp,, concentration of Gdn-HCl at 4G; = 0; f, folding;
int, interaction; QM, quadruple mutant (M978L/E979K/F982L/V987L).
®AGye = [4Gy (WT) — AG; (mutant;)] — [4G; (mutanty) — AG
(mutant, ,)]. The error of individual measurements was estimated from
triplicate measurements and propagated to obtain the error in coupling
free energy.
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SDC1  -0.53£0.33  -0.23%0.35 1 with two positions (P and P_y) highlighted. (B) Pair-
SDC2 -0.53+0.33 -0.78+0.36 wise free energy couplings for three transitions
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couplings was obtained by propagating the errors

F982L binding; DM binding F982L binding DM binding obtained from binding experiments for each
Ligand OAGint 1AGint zrll)lizn/:gand pair. To see this figure in color, go
Casprd  0.31£0.38  -0.59+0.36 '

NRXN1 0.63+0.36  -0.16+0.33 0 1
SDC1 -0.72+0.35 -0.42+0.33
SDC2 -0.39+0.35 -0.64+0.34
SDC3 -0.41+0.33  -0.45+0.33
SDC4 -0.46+0.47 -0.39+0.45

E979K binding; DM binding

Ligand °AGint "AGint 5
Casprd 0.21+0.37  -0.69+0.37
NRXN1 0.16+0.34 0.63+0.35
SDCA1 -1.76£0.35 -1.46+0.33
SDC2 -0.35£0.35 -0.60+0.34
SDC3 -1.49+0.34  -1.53+0.32
SDC4 -1.34£0.41 -1.27+0.40

Coupling between the Sy and S_, pockets from
thermodynamic cube analyses

The binding and folding double mutant cycle analysis of
Tiam2 PDZ E979K and F982L mutants provides evidence
for the energetic coupling of these residues, indicating that
the Sy and S_, specificity pockets are energetically linked.
Together, the two thermodynamic squares can be linked to

OAGim = CAGB—AGB; 1AGint = ACAGB—AAGB

E979K binding

1
: DM binding

OAGint L CAGA*AGA; 1AGint . BCAGA*BAGA

form a thermodynamic cube, in which the folding and bind-
ing squares comprise two faces of the cube (29,31,32).
Fig. 7 A shows a schematic for a general thermodynamic
cube. In all, six cubes were constructed using the peptide li-
gands shown. Fig. 7 B depicts the transitions used to calcu-
late the free energy couplings for each cube. The first
transition (E979K/F982L (DM) folding; DM binding)
showed a small coupling energy (°4G;y,) in folding between
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the side chains of E979K and F982L in the absence of any
ligand. However, in the presence of the ligand, the two
side chains (located in separate specificity pockets) were
energetically coupled, depending on the identity of the
ligand, with Caspr4 and NRXNI having the largest cou-
plings. The second transition (F982L binding and DM bind-
ing) describes the effect of the FO82L mutation on ligand
binding and how E979K modulates this interaction. Gener-
ally, F982L was weakly or not coupled to ligand binding and
the E979K mutation had little or no influence on this pro-
cess. The third transition (E979K binding and DM binding)
describes the effect of the E979K mutant on ligand binding
and how the F982L mutation affects this process. Both the
single E979K mutation and the double mutant were highly
energetically coupled to ligand binding for SDCI1, 3, and
4. In contrast, the SDC2, Caspr4, and NRXN1 ligands
were not coupled. These data conclusively show that resi-
dues E979K and F982L, located in separate specificity
pockets, are energetically coupled to ligand binding.

A third specificity pocket is required for the Tiam2
PDZ/SDC1 phosphorylation interaction

SDC-PDZ protein interactions and downstream signaling
are regulated by SDCI1 phosphorylation (pSDC1) at P
tyrosine (P_; Tyr) through differential binding to PDZ pro-
teins (i.e., Syntenin binds SDC1 but not pSDCI1, whereas
Tiam1l and CASK PDZs bind both SDC1 and pSDC1)
(1,13,33-35). The Tiaml PDZ domain interacts with the
phosphate moiety of pSDC1 through an electrostatic inter-
action with the side chain of residue K879 (13). In contrast,
the Tiam2 WT PDZ domain does not bind pSDC1 (Table 5).
Based on the homology model of Tiam2 WT PDZ domain,
residue 1946 is located in the analogous position of K879
(S.; pocket) in the Tiam1 PDZ domain (Fig. 1). Thus, we
created the L946K mutation in the Tiam2 PDZ domain to
test its ability to bind the pSDCI1 peptide. The L946K
mutant showed an improved affinity for pSDC1, suggesting
a key role for the S_; pocket in the pSDC1 recognition
(Table 5). Although mutations at Sy and S., pockets
(F982L and E979K) can switch SDC family ligand-binding
specificity, only E979K was capable of binding the pSDCI1
peptide (Table 5). However, the E979K/F982L double

TABLE 5 Tiam2 PDZ Domain Interactions with pSDC1

Tiam2 PDZ Domain Ky [uM]
WT NB*"

L946K 104 = 14
E979K 172 £ 26
F982L NB

E979K/F982L 90 = 17
QM 164 + 18

“Data taken from Shepherd et al. (7).
PNB, no binding detected. The error for each parameter was estimated from
triplicate measurements.
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mutant had a K4 = 90 uM, indicating an enhanced effect
when mutating FO82L in the context of E979K. The QM
also bound to pSDC1 but weaker than the E979K/F982L
double mutant and similar to the affinity of E979K (Table 5).
These results indicate that the three specificity pockets (So,
S.1, and S_,) play a role in supporting phosphorylated SDC
family ligand interactions.

DISCUSSION

Protein-protein and protein-peptide interactions are critical
for all facets of signal transduction. The structure of hun-
dreds of protein complexes provides structural detail of
these interactions. However, far less is known about the
thermodynamics of these complexes and how interactions
throughout the binding site depend on each other—i.e., co-
operativity. Although it is well recognized that proteins are
dynamic, the impact of dynamics on molecular recognition
has received much less attention. In this study, we used
the Tiam2 PDZ domain as a model system to probe
the relationship between dynamics, thermodynamics, and
ligand-binding specificity. Here, we used the Tiam2 QM
PDZ to gain insight into the dynamics, thermodynamics,
and specificity of protein-ligand interactions. The central
theme that emerges indicates that energetic cooperativity
between residues in subpockets is fundamental for ligand
specificity.

The P_4 ligand position governs SDC family
specificity in Tiam family PDZ domains

We previously reported that the Tiam1 WT PDZ domain has
specificity for a subset of SDC family members (13). The
binding between the Tiaml WT PDZ domain and SDCl1
and SDC3 peptides was relatively high (K4 = 29 and
33 uM, respectively), ~20-fold tighter than that with
SDC2 and SDC4. The crystal structure of the Tiaml WT
PDZ/SDC1 complex revealed an electrostatic interaction
between K912 in the PDZ domain and P_4 Glu of the ligand.
This electrostatic interaction is also present with SDC3 but
becomes repulsive for SDC2 and SDC4 interactions. Thus,
this electrostatic interaction is proposed to be a significant
molecular determinant for the SDC family specificity.
This notion is further supported by the binding experiments
with the Tiam1 QM PDZ, which contains the K912E muta-
tion and showed a switched specificity for SDC family pep-
tides in which the SDC2 peptide bound with the highest
affinity (Kqg = 100 uM) (14) similar to the Tiam2 WT
PDZ domain (Ky = 74.6 uM). However, the specificity of
the Tiam2 QM PDZ (with E979K) was switched such that
SDCI1 and SDC3 were preferred (Kg = 6.9 and 13.1 uM,
respectively) compared to SDC2 (K4 = 22.3 uM). This
specificity switch was also found in the E979K single
mutant of Tiam2 PDZ but not the F982L Tiam2 PDZ
(Table 3). Thus, the origin of the SDC family specificity



switch in the Tiam2 QM PDZ domain is the E979K muta-
tion. Combined with our previous results, the electrostatic
attraction/repulsion between residue E979 in the Tiam2
PDZ (residue K912 in Tiam1 PDZ domain) and the identity
of the residue at P_, in SDC isoforms largely dictates ligand
specificity. Like the interaction between the microtubule-
associated serine-threonine kinases 2 and the rabies virus
envelope glycoprotein (36), this example illustrates the ca-
pacity of a single residue change to modulate ligand speci-
ficity in a PDZ domain.

pSDC1 binding is regulated by three individual
pockets

As expected, mutating 1.946 to Lys (L946K) resulted in sig-
nificant improvement of pSDC1 binding. This result indi-
cates that maintaining the electrostatic interaction between
the S, pocket and the phosphoryl group is critical for
pSDCI1 binding. Moreover, the E979K mutant also had
improved binding (Table 5). The enhanced binding of
E979K suggests that the electrostatic interaction with Glu
P_4 is also important. Our previous structural results with
the Tiaml QM PDZ/ligand complexes indicated that the
volume of the S, pocket is a stringent requirement for spec-
ificity. The increased Sy pocket size due to conformational
changes surrounding the L915F Tiaml PDZ mutation
decreased the binding affinity with SDC members (14).
Therefore, we tested the effect of the analogous mutation
in the Tiam2 PDZ domain (F982L). The binding data
showed that the F982L mutation alone did not improve
the binding until it was coupled with E979K (Table 5).
This finding suggests that reducing the S, pocket size is
necessary for optimized recognition of the pSDCI ligand
and implies cooperativity between these two residues. Inter-
estingly, the Tiam2 QM (E979K/F982L/M978L/V987L)
PDZ interacted with pSDC1 weaker than with the E979K/
F982L mutant. Thus, in the context of the Tiam2 QM
PDZ, the M978L/V987L double mutation opposes ligand
binding. Together, these data provide evidence for the
importance of S_; (L946K), S, (E979K), and S, (F982L)
specificity subpockets in accommodating pSDC1 binding.
More generally, these results indicate the need for coopera-
tivity in binding pSDCI.

Interpocket cooperativity

Double mutant cycle analysis has been widely used for
studying energetic cooperativity of sites in proteins,
including PDZ domains (7,15,29,37,38). In a previous study
with the Tiam1 WT PDZ domain, we showed that residues
within a given specificity subpocket displayed cooperativity
in binding peptide ligands (7). This “intrapocket” coopera-
tivity occurred in both the Sy and S_, subpockets and in a
ligand-dependent manner. However, the cooperativity be-
tween these two subpockets (“interpocket cooperativity”)
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remains uncharacterized. Here we examined the thermody-
namic coupling between residues from these subpockets
(E979K in S, and F982L in S() separated by ~6 A in the
Tiam2 PDZ domain. Our pairwise analysis verified the
nonadditivity (i.e., cooperativity) between the two side
chains (and subpockets) with respect to ligand binding and
folding. Moreover, the binding cooperativity was ligand
dependent. In binding to SDCI, the free energy changes
from WT to E979K/F982L came predominantly from
E979K. The electrostatic interaction between SDCI1 P4
Glu and E979K mutant made the binding more favorable.
The F982L mutant also preferred SDC1, likely because a
reduced S, pocket better accommodates the Py Ala residue.
Therefore, both the E979K and F982L mutations lead to a
more favorable binding of SDC1 compared to Tiam2 WT
PDZ domain.

NRXNT1 and Caspr4 have a Lys at position P_4 (Fig. 2 B),
and this residue predicts that the binding of these peptides to
the Tiam2 E979K mutant would be less favorable than bind-
ing to the Tiam2 WT PDZ domain. Our results support this
prediction, but the reduction in affinity was relatively small
(Table 3). The F982L mutation is predicted to reduce the
size of the Sy pocket, which would favor ligands with
smaller P, side chains (e.g., Ala) and disfavor ligands
with larger P, side chains (e.g., Phe and Val). Indeed,
when compared to the Tiam2 WT PDZ, the Tiam2 F982L
mutant bound all the SDC family members more favorably
and bound NRXN1 and Caspr4 less favorably. The double
mutant (E979K/F982L) bound all the ligands tighter than
the Tiam2 WT PDZ. In addition, this double mutant had
the largest energetic couplings when binding NRXN1 and
Caspr4, despite these peptides having large side chains at
Py. One possibility is that unfavorable changes in the Sy
pocket and unfavorable electrostatics between Lys P_4 and
E979K are compensated by a favorable electrostatic interac-
tion between the Glu P_; and E979K residue.

The results of the thermodynamic cube analyses reinforce
and extend the observations made by the pairwise double
mutant cycles. In contrast to the pairwise analyses, the
cube analyses provide information about the energetic
coupling between three perturbations: E979K, F982L, and
ligand binding. Consistent with the pairwise analyses, the
cube analyses found that the energetic coupling between
E979K and F982L was dependent upon ligand binding
and modulated by the identity of the ligand. Moreover, the
degree of coupling was dependent on the identity of the res-
idue in the ligand at the Py and P_4 positions. This is best
shown by the E979K binding and DM binding transitions
(Fig. 7 B), in which the degree of energetic coupling was
clearly ligand dependent and occurred in the presence of
the E979K and E979K/F982L mutations. The E979K muta-
tion and ligand binding were highly energetically coupled
for SDC1, 3, and 4. SDC1 and 3 have a Glu at P_,, whereas
SDC4 has an Asn at P4. The E979K mutation provides a
complementary charge-charge interaction for SDC1 and
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SDC3 and a potential hydrogen bonding partner with Asn in
SDC4, all of which favor a gain in binding affinity. In
contrast, the SDC2, Caspr4, and NRXNI1 ligands were not
coupled. Notably, they have Lys at P_4 that could lead to a
charge-charge repulsion. Including the F982L mutation
led to some degree of energetic coupling for all the ligands,
with SDC1, 3, and 4 showing the largest couplings. This
result is consistent with the idea that the FO982L reshapes
the Sy pocket to better accommodate the smaller Py Ala
side chain of SDC ligands. Together, the thermodynamic
cube analyses clearly show that the Sy and S_, specificity
subpockets are energetically coupled in the context of ligand
binding, despite being separated by ~6 A. The structural
rationale for these results awaits the determination of
high-resolution WT and mutant Tiam2 PDZ domain
complexes.

Microsecond-millisecond timescale dynamics,
ligand specificity, allostery and, statistical
co-evolution

Exchange-broadened resonances in 'H-'>N-HSQC spectra
indicated that both the WT and QM Tiam2 PDZ domains
have slow timescale dynamics. To quantify these dynamics,
we carried out CPMG-based relaxation dispersion experi-
ments. The results from these experiments revealed that
several residues in the WT and QM PDZ domains had a
chemical exchange (R.y). Importantly, the QM PDZ had a
marked increase in the number of residues possessing Rex
and a broad distribution of rates of exchange (k.x). As indi-
cated in Fig. 4, the residues with chemical exchange in the
WT PDZ were limited to the a2 helix and part of the §2-
(3 loop. Moreover, regions near the $4-a2 and most of
the 32-63 loops were exchange broadened. In contrast, the
QM PDZ domain had a significant number of residues expe-
riencing R.x beyond those regions observed for the WT
PDZ. Specifically, regions in the a2 helix, the 51-52 loop,
B2 strand, and «1 helix had dynamic motions on a us-ms
timescale, which were not observed in the WT. Among these
residues, F923 and F925 are in the $1-82 loop and partici-
pate in forming the S pocket (Fig. 1). The change in protein
dynamics at these positions is reminiscent of the analogous
residues Y858 and F860 in the Tiam1 PDZ domain, which
play crucial roles in propagating dynamics. Previously, we
proposed that Y858 and F860 are “hub” residues that
communicate/transmit dynamics within the Tiaml WT
PDZ (13). In the Tiaml QM PDZ, F860 was found to
have perturbed chemical shifts, further supporting a role
of this residue in propagating dynamics distally. In the
Tiam2 QM PDZ, F923 was completely exchange broad-
ened, and F925 had a significant chemical shift perturbation
relative to the WT. These results implicate a general role of
these two hub residues in supporting the intradomain
communication (i.e., allostery) between «2 helix and distal
regions, including the 31-82 loop, a1 helix, and $2 stand.
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Changes in dynamics in the $2 strand and $2-(33 loop could
also be mediated by interactions between the side chains of
mutant residues and the $4-a2 loop. Side chains from the
B4-a2 loop help form the hydrophobic core of the protein,
and they became dynamic after mutation (Fig. S1). Taken
together, mutations in the o2 helix resulted in more dynamic
motions that extend beyond the mutations to distal sites via
the two hub residues and buried side chain interactions.

Interestingly, the mutation site and many of the dynami-
cally perturbed residues constitute the ligand-binding
groove. Analysis of the Tiam2 QM CPMG data highlighted
the enhanced conformational exchange in these regions.
Importantly, binding data also shows that the Tiam2 QM
PDZ domain has a broader ligand-binding specificity—it in-
teracted with Caspr4, NRXN1, and most of the SDC family
members with relatively high affinity (Fig. 2). We can spec-
ulate that the enhanced dynamics in the QM PDZ domain
might contribute to the broader specificity by promoting
multiple conformations in the apo state, which could be
selected by a variety of ligands (39). This result is similar
to what was observed in the Tiam1 PDZ domain, in which
the QM mutation induced a chemical exchange in the
protein that otherwise had none (14). In that study, the
Tiaml QM PDZ domain was dynamic in both fast
and slow timescales. The fast timescale side chain methyl
order parameters were used as a proxy for the entropic
contribution to ligand binding (14,40,41), whereas the
relaxation dispersion experiments provided insight into
conformational switching of the mutant. In this study, the
Tiam2 QM PDZ is found more dynamic than the WT on
the slow timescale, and the ITC data suggest that changes
in entropy may also be important. Our results are also
consistent with a correlation between conformational dy-
namics and specificity observed in other PDZ domains
(14,42,43). Simply stated, re-engineering of PDZ ligand
specificity is associated with manipulating protein confor-
mational dynamics and specificity, which has been
described as a key parameter for the evolution of proteins
to gain new functionality (44).

PDZ domains have been the intense subject of amino acid
co-conservation and bioinformatic studies since the initial
studies by Ranganathan and colleagues (45—48). These
studies have sought to identify functionally important resi-
dues from multiple sequence alignments and statistical
co-evolution. Indeed, Ranganathan and colleagues have pro-
posed the sector concept whereby a network of co-evolved
residues are energetically and functionally coupled (49). A
more recent study using a novel “deep coupling scan”
method that combines large-scale mutagenesis with a
bacterial two-hybrid assay—a high throughput version of
thermodynamic double mutant cycle—uncovered apparent
energetic couplings between several positions along helix
a2 in five members of the PDZ domain family (50). Specif-
ically, it was shown that a network of residues, including
those at analogous positions of F982, E979, and M978 in



the Tiam2 QM PDZ domain studied here, shared a pattern of
couplings across the binding interface. Our thermodynamic
analyses on the Tiam2 PDZ domain are consistent with
these couplings and provide an independent validation of
the deep coupling scan methodology. Together, these data
suggest that a common network of residues are inextricably
linked to ligand binding and specificity. Previous NMR
dynamics studies with PDZ domains showed that many of
these sector residues have perturbed dynamics upon ligand
binding, suggesting a link between sector communication
and ligand binding—i.e., allostery (13,51-53). Here, we
show that mutating sector positions have important conse-
quences for protein dynamics and binding specificity.

In passing, we note that our strategy for re-engineering
new PDZ/ligand interactions may be general because it
has been successful for both the Tiam1 and Tiam2 PDZ do-
mains; however, further work will be required to confirm
this. Future applications may include using our approach
to re-engineering PDZ domains to probe the specificity of
signal transduction pathways.

CONCLUSIONS

We present a comprehensive study concerning the role of
thermodynamics and dynamics in ligand binding of the
Tiam2 QM PDZ domain. This mutant was engineered by
substituting four residues in two ligand specificity sub-
pockets in the Tiam2 PDZ with their counterparts in the
Tiaml PDZ domain. The Tiam2 QM PDZ had switched
ligand-binding specificity compared to that of the Tiaml
and Tiam2 PDZ domains. Importantly, the Tiam2 QM
PDZ domain was significantly more dynamic than the
WT. Thermodynamic binding analyses found distinct
enthalpic and entropic contributions along the mutation
trajectory. Further analyses revealed that the E979K/
F982L mutations altered the ligand-binding specificity by
modulating the size of the S, subpocket and an electrostatic
interaction in the S_, subpocket. In addition, we found en-
ergetic coupling between the E979K and F982L side chains
that was ligand dependent, providing insight into the ener-
getics of specificity. Together, these data show that distinct
thermodynamic and dynamic features in the Tiam2 QM
PDZ work cooperatively to drive the altered ligand-binding
specificity.
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