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ABSTRACT: Guanine nucleotide exchange factor proteins of the Tiam family are activators of the Rho GTPase
Racl and critical for cell morphology, adhesion, migration, and polarity. These proteins are modular and
contain a variety of interaction domains, including a single post-synaptic density-95/discs large/zonula
occludens-1 (PDZ) domain. Previous studies suggest that the specificities of the Tiam1 and Tiam2 PDZ
domains are distinct. Here, we sought to conclusively define these specificities and determine their molecular
origin. Using a combinatorial peptide library, we identified a consensus binding sequence for each PDZ
domain. Analysis of these consensus sequences and binding assays with peptides derived from native proteins
indicated that these two PDZ domains have overlapping but distinct specificities. We also identified residues
in two regions (Sy and S_, pockets) of the Tiam1 PDZ domain that are important determinants of ligand
specificity. Site-directed mutagenesis of four nonconserved residues in these two regions along with peptide
binding analyses confirmed that these residues are crucial for ligand affinity and specificity. Furthermore,
double mutant cycle analysis of each region revealed energetic couplings that were dependent on the ligand
being investigated. Remarkably, a Tiaml PDZ domain quadruple mutant had the same specificity as the
Tiam2 PDZ domain. Finally, analysis of Tiam family PDZ domain sequences indicated that the PDZ domains
segregate into four distinct families based on the residues studied here. Collectively, our data suggest that
Tiam family proteins have highly evolved PDZ domain—ligand interfaces with distinct specificities and that
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they have disparate PDZ domain-dependent biological functions.

The T-cell lymphoma invasion and metastasis 1 (Tiaml)
protein and its homologue, Tiam2, also known as STEF (SIF-
and Tiaml-like exchange factor), are guanine nucleotide
exchange factor proteins that specifically activate the Rho family
GTPase Racl (1, 2). Tiaml is important for the integrity of
adherens junctions (3, 4), tight junctions (3, 6), and cell—matrix
interactions (7, §). In addition, Tiaml is involved in axon
formation (9) and neurite outgrowth (/0—13). Deregulation of
Tiam1 has been implicated in invasive and metastatic forms of
lung (/4) and colorectal (15) cancer and may be a predictor of
poor patient outcome for renal cell (/6), prostate (/7), and
hepatocellular (/8) carcinomas. Tiam2 has been shown to be
important for focal adhesion disassembly (/9), neuronal devel-
opment, and neurite growth (20, 21), yet its role in disease has not
been established. In mammalian cells, the spatial and temporal
regulation of Tiam-like proteins is achieved via distinct pro-
tein—protein interaction domains. However, the mechanisms
that regulate each of these interaction domains are not fully
understood.
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Tiam1 and Tiam2 are both composed of a set of diverse inter-
action domains, including a Pleckstrin homology-coiled-coil-
extension (PH,-CC-Ex) cassette that is important for subcellular
localization, a Ras binding domain (RBD) known to bind
activated Ras, a Dbl homology-Pleckstrin homology (DH-PH,)
catalytic bidomain that activates Racl, and a post-synaptic
density-95/discs large/zonula occludens-1 (PDZ)' domain that
binds cell adhesion molecules (Figure 1A). PDZ domains are
ubiquitous protein—protein binding domains found in bacteria
and eukaryotes (22, 23) that typically interact with carboxy-
terminal residues 4—10 of partner proteins to form higher-order
signal transduction complexes. Recent studies identified Synde-
canl (8) and CADM1 (24) as PDZ domain-binding proteins for
the Tiaml PDZ domain, but to date, no binding partners have
been reported for the Tiam2 PDZ domain. Although other inter-
action domains have a high degree of sequence identity across the
Tiam family of proteins, the Tiam1 and Tiam2 PDZ domains are
only ~28% identical (Figure 1A,B). This suggests potential dif-
ferences in ligand specificity and biological function.

Previously, we determined the structure of the Tiaml PDZ
domain free and bound to a model peptide ligand (8). This structure
shows that the peptide binding cleft is formed by 52 and a2 of the
PDZ domain, and that ligand specificity is partially derived from
two pockets (Sq and S_,, S for site) (Figure 1C,D). The S, pocket

! Abbreviations: GEF, guanine nucleotide exchange factor; NMR,
nuclear magnetic resonance; OBOC, one-bead-one-compound; PDZ,
post-synaptic density-95/discs large/zonula occludens-1; PED—MS,
partial Edman degradation mass spectrometry.
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FiGuRre 1: Conservation and structure of the Tiaml and Tiam2 PDZ domains. (A) Domain architecture and motifs within Tiam family GEF
proteins: DH, Dbl homology domain; PH, Pleckstrin homology domain; CC, coiled-coil domain; Ex, extension domain; RBD, Ras-binding
domain; PDZ, PSD-95/Dlg/Z0-1 domain; and P, PEST sequence. Myristoylation is indicated by the twisting line at the N-terminus. The percent
identity (% ID) between each homologous domain is indicated. (B) Amino acid residues involved in Tiam1 and Tiam2 PDZ domain specificity.
Primary sequence alignment of Tiaml and Tiam2 PDZ domains with residues that are discussed in the text labeled and boxed. (C) Ribbon
diagram of the Tiam1 PDZ domain—Model peptide complex (Protein Data Bank entry 3KZE) (8). (D) Expanded view of the boxed region in
panel C showing the residues targeted for mutagenesis (colored yellow) in this study.

is formed by the side chains of F860, Y858, L915, and .920 and
accommodates the side chain of the most C-terminal residue of the
ligand (P,, where P_,, denotes the residue position n amino acids
from the C-terminus). Residues L911 and K912 form the S_,
pocket that accommodates the side chain of the ligand at P_,.
NMR-based titrations of the Tiam1 PDZ domain with C-terminal
eight-residue peptides that differ primarily at position P,
(Syndecanl and Casprd) showed that the chemical shifts of
L911, K912, and LI15 were significantly perturbed upon binding
of the Syndecanl peptide, but not upon binding of the Caspr4
peptide. In contrast, the chemical shift of 1920 was not perturbed
upon binding of Syndecanl but was shifted upon binding of the
Caspr4 peptide (8). These data suggest that residues L911, K912,
L1915, and 1920 are determinants for Tiaml PDZ domain speci-
ficity. Notably, these residues are not conserved between the Tiam1
and Tiam2 PDZ domains (Figure 1B), further suggesting that there
might be differences in Tiam1 and Tiam2 PDZ domain specificity.

The specificity of the Tiaml and Tiam2 PDZ domains for
C-terminal ligands has been previously investigated, but the
results from these studies appear to be inconsistent. Songyang et
al. (25) used immobilized PDZ domains to select binding peptides
derived from a synthetic, randomized peptide library and deter-
mined that the Tiam1 PDZ domain had a preference for ligands
with Ala and Phe at position Py (25). Using phage display,
Tonikian et al. (26) determined the specificity for approximately
half of the PDZ domains found in humans, including the Tiam]1
and Tiam2 PDZ domains. The consensus sequence determined
by Tonikian et al. (26) for the Tiaml PDZ domain was in
reasonable agreement with that found by Songyang et al. (25).
For the Tiam2 PDZ domain, however, there is an apparent

inconsistency among the reported specificities. Tonikian et
al. (26) reported a clear preference for Val at position Py, whereas
Stiffler et al. (27) identified Caspr4, which contains a C-terminal
Phe, as a Tiam2 PDZ domain-binding protein using a fluores-
cence-based protein microarray assay. These discrepancies pro-
mpted us to conduct a comprehensive study comparing the spec-
ificity of the Tiaml and Tiam2 PDZ domains. We screened a
combinatorial peptide library to determine the consensus binding
sequence for each PDZ domain and found they possess over-
lapping but distinct specificities. These differences were corro-
borated by binding assays using several physiologically relevant
ligands and resolve the apparent inconsistency regarding the
specificity of the Tiam2 PDZ domain. Furthermore, we identified
four residues in the Tiaml PDZ domain that are crucial for the
differences in specificity and investigated their thermodynamic
origin by site-directed mutagenesis and double-mutant cycle
analyses. Finally, mutation of these four residues in the Tiaml
PDZ domain was sufficient to switch its specificity to that of the
Tiam2 PDZ domain.

MATERIALS AND METHODS

Protein Expression and Purification. The Tiaml PDZ
domain expression plasmid has been described previously (8).
All Tiam1 PDZ domain mutants (single, double, and quadruple)
were produced using oligonucleotide-directed mutagenesis
(QuikChange, Stratagene) with the wild-type or mutant Tiaml
PDZ domain DNA as a template. All mutants were verified by
automated DNA sequencing (University of l[owa DNA Facility).
The Tiam2 PDZ domain expression plasmid was constructed by
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amplification of the DNA sequence encoding the PDZ domain
(residues 809—994) from the full-length mouse Tiam2 sequence
using polymerase chain reaction (PCR) (28). The amplified
PDZ domain DNA was ligated into a modified pET21a vector
(Novagen) that contains an N-terminal His, tag and a tobacco
etch virus (rTEV) protease cleavage site. The nucleotide coding
sequence of the pET21a-Tiam2 PDZ vector was verified by auto-
mated DNA sequencing (University of Towa DNA Facility).
Glutathione S-transferase (GST)-fused Tiam1 and Tiam2 PDZ
domains were constructed by subcloning the PDZ domain-
encoding DNA into a modified pGEX vector (GE Healthcare).

All proteins were produced in BL21(DE3) (Invitrogen) Es-
cherichia coli cells. Typically, E. coli cells were grown at 37 °C
in Luria-Bertani (LB) medium supplemented with ampicillin
(100 ug/mL) under vigorous agitation until an Agyy of 0.6—1.0
had been reached. Cultures were subsequently cooled to 25 °C,
and protein expression was induced by the addition of isopropyl
1-thio-p-galactopyranoside to a final concentration of 1 mM.
Induced cells were incubated for an additional 6—8 h at 25 °C and
harvested by centrifugation.

The histidine-tagged Tiam1 and Tiam2 PDZ domains were
purified by nickel-chelate and size-exclusion (G-50 or S-75)
chromatography (GE Healthcare). The N-terminal Hisy affinity
tag was removed by proteolysis by incubation of the histidine-
tagged PDZ protein with recombinant rTEV protease for 12—16
h at room temperature. Undigested fusion protein, cleaved Hisg
tag, and histidine-tagged rTEV were separated from the digested
PDZ domain by nickel-chelate chromatography. The final yield
was ~20 mg of PDZ protein from 1 L of culture, at ~95% purity
as judged by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. Samples were used immediately or stored at —20 °C.
GST-Tiaml and GST—Tiam2 PDZ domain fusion proteins
were purified by standard affinity chromatography using gluta-
thione Sepharose 4B medium (GE Healthcare) followed by size-
exclusion (S-75) chromatography. The concentration of the pro-
tein in solution was determined by measuring the UV absorbance
at 280 nm using the extinction coefficient of the protein calculated
from the protein sequence (SEDNTERP version 1.09).

PDZ Domain Labeling for Combinatorial Library
Screening. GST—Tiam! and GST—Tiam2 PDZ domain pro-
teins (=2 mg/mL) were labeled with biotin by incubation with 2
equiv of (+)-biotin N-hydroxysuccinimide ester (Sigma) in 0.1 M
NaHCOs; (pH 8.4) for 30 min. The reaction was quenched by the
addition of 50 uL of 1 M Tris buffer (pH 8.4). The reaction
mixture was passed through a G-25 size-exclusion column (eluted
with phosphate-buffered saline) to remove any free biotin. The
proteins were also labeled with Texas Red (Texas Red-X succini-
midyl ester, Invitrogen) in a similar manner (2 equiv of Texas
Red, 45 min reaction, and quenching with 5 L of 1 M Tris
buffer).

Library Screening against Biotinylated PDZ Domains.
Aninverted peptide library was synthesized on 2.0 g of TentaGel
S NH, resin (90 um, 0.29 mmol/g, 2.86 x 10° beads/g) and
characterized as previously described (29). For a typical screening
experiment, 10—50 mg of the library resin was swollen in dich-
loromethane (DCM) in a 1.2 mL spin column (Micro Bio-Spin,
Bio-Rad) for 2 h, washed with dimethylformamide (DMF) and
water, and suspended in HBST-gelatin buffer [30 mM HEPES,
150 mM Nacl, 0.05% Tween 20, and 0.1% gelatin (pH 7.4)] for
4 h. The resin was drained and resuspended in the HBST-gelatin
buffer containing 1—2 uM biotinylated PDZ domain protein.
After overnight incubation at 4 °C (with shaking), the protein
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solution was removed and the resin resuspended in streptavi-
din—alkaline phosphatase (SA-AP) buffer [10 mM MgCl,,
30 mM Tris-HCI, 70 uM ZnCl,, and 250 mM NaCl (pH 7.4)]
with 1 ug/mL SA-AP buffer. After 10 min at 4 °C, the resin was
drained and then washed twice with the SA-AP buffer and twice
with SA-AP reaction buffer [S mM MgCl,, 30 mM Tris-HCI,
20 uM ZnCl,, and 100 mM NaCl (pH 8.5)]. The resin was
transferred into one well of a 12-well plate (BD Falcon) using SA-
AP reaction buffer. After the addition of 100 uL of 5 mg/mL
5-bromo-4-chloro-3-indolyl phosphate (BCIP), the resin was
incubated at room temperature on a rotary shaker until positive
beads took on a turquoise color. The staining reaction was ter-
minated by the addition of 100 uL of 1 M HCl to the resin, and
the positive beads were removed manually with a micropipet with
the aid of a dissecting microscope. The positive beads were indi-
vidually sequenced by a partial Edman degradation—mass spec-
trometry (PED—MS) method (30).

Library Screening against Texas Red-Labeled PDZ Do-
mains. Typically, 10—50 mg of the peptide library resin was
swollen and washed in DCM, DMF, water, and the gelatin buffer
as described previously (29). The resin was then transferred to a
Petri dish (60 mm x 15 mm) (BD Falcon), and fluorescently
labeled protein was added to produce a final concentration of
0.7-1 uM. The dishes were incubated overnight at 4 °C with
gentle shaking. The resulting beads were then examined under an
Olympus SZX12 fluorescence microscope (Texas Red filter), and
beads having the brightest red fluorescence were isolated using a
micropipet and sequenced by PED—MS (30).

Consensus Binding Motif and SMALI Matrix. For each
PDZ domain, all of the peptide sequences selected from the
library were initially sorted into different subgroups (I-1V) on
the basis of sequence similarities using Microsoft Excel. Each
subgroup of sequences was next analyzed by scoring matrix-
assisted ligand identification (SMALI) to construct a position-
weighted matrix for the protein domain (37). For each position in
a peptide sequence, all 20 amino acids were assigned a score using
Microsoft Excel and the formulas

N
Ri,p = Xi,p/ ZXI',I’
i=1

N
Sip = Ripllogy N = Z(Ri,p log, Ri,)]
il

where X; ), is the number of times an amino acid 7 is found at
position p, N is the number of different amino acids included in
the random regions of the library (N = 20 for the library in this
work), and S, , is the score of amino acid i at position p. Once
each amino acid had a score for each position in the peptide
sequence, a SMALI score (S,,,) was calculated for each peptide
sequence by the summation of S;, values for all randomized
positions (from position —4 to 0). A peptide with a higher
SMALI score has a stronger propensity to bind the query PDZ
domain.

Synthetic Peptides. All peptides were synthesized and pur-
ified by GenScript Inc. (Piscataway, NJ). The peptides used were
>95% pure as judged by analytical HPLC and mass spectro-
metry. Peptides for fluorescence anisotropy-based binding assays
were dansylated at their N-termini. The concentration of peptide
in solution was determined by measuring the UV absorbance at
280 nm using the extinction coefficient of the danysl-peptide
calculated from the peptide sequence (SEDNTERP version 1.09)
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and the dansyl group (32). The following peptides were
used in this study: library-derived Tiam-binding peptides
(YAAKAFRFcoon, YAAYRYRACooH, YAAGRKHFcooH,
YAALIHKFcoon, YAAEKYWAcoon, YAARKFAK coon,
YAAKRTYVCOOH, and YAAQKHFHCOOH), Model
(SSRKEYYAcoon) (25), human Syndecanl (residues 303—
310, TKQEEFYAcoon), human Caspr4 (residues 1301—1308,
ENQKEYFFCOOH), Caspr4(F—’A) (ENQKEYFACOOH),
Syndecan1(A—F) (TKQEEFYFcoon), and human Neurexinl
(residues 1470—1477, NKDKEYY Vcoon)-

Equilibrium Fluorescence Binding Assay. Fluorescence
anisotropy was used to monitor the binding of dansylated
peptides to the Tiaml and Tiam2 PDZ domains. The PDZ
domain protein (1.5 mM stock) was titrated into a solution
containing 1.3 mL of 1 uM dansylated peptide until little or no
change in the measured anisotropy was evident. Fluorescence
anisotropy measurements were recorded in a quartz cuvette at
25 °C with constant stirring using a Fluorolog-3 (Horiba Jobin
Yvon) or LS-55 (Perkin-Elmer) spectrofluorometer. The excita-
tion and emission wavelengths were set to 340 and 550 nm,
respectively. The excitation and emission slit widths were ad-
justed to 3 nm (excitation) and 8 nm (emission), respectively, and
individual measurements were integrated over 3 s. The data were
baseline corrected using a buffer blank, and the titration curves
were fit to a standard hyperbolic binding model (eq 1):

Biax[PDZ]

A~ Anin = K4+ [PDZ] 1)
where 4 is the anisotropy at each titration step, A4y, 18 the initial
anisotropy, Bnax is the maximal anisotropy at PDZ domain
saturation, Ky is the dissociation constant, and [PDZ] is the total
concentration of the PDZ domain in solution. B, and K4 were
determined by fitting the titration data to eq 1 using nonlinear
regression analysis (SigmaPlot, Systat Software Inc.). For pre-
sentation (see Figure 3), data were normalized to the fitted Bp,,y.
The reported dissociation constants are the average of at least
three independent experiments. Using this assay, reliable quanti-
fication of the dissociation constant for PDZ domain—model
peptide interactions was possible to approximately 250 uM.

The change in the Gibbs free energy of the PDZ domain—ligand
interaction was determined by eq 2:

AGb =RT ln(Kd) (2)

where R is the gas constant, 7' is 298.15 K, and Kj is the fitted
dissociation constant. The standard error in AG}, was propagated
by standard methods (33). The coupling free energy was deter-
mined by eq 3:

AAAGiy = (AGwt — AGyy) — (AGyia — AGpum)  (3)

where AGwr is the free energy of peptide binding for the wild-type
Tiam] PDZ domain, AGpy, is the free energy of binding for the
PDZ domain double mutant, and AGy;; and AGyy; are the binding
energies for the respective PDZ domain single mutants.

RESULTS

We and others have previously reported on the specificity and
protein binding partners of the Tiam1 PDZ domain (8, 25, 26).
However, less is known about the specificity of the Tiam2 PDZ
domain, and questions remain about its specificity for peptide
ligands. Here, we investigated differences in the specificities of the
Tiaml and Tiam2 PDZ domains and determined the thermo-
dynamic origin of these differences.
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Determination of Tiaml and Tiam2 PDZ Domain
Specificities by Screening a Peptide Library. We have
previously synthesized a one-bead-one-compound (OBOC) pep-
tide library with a free C-terminus on 90 ym TentaGel resin
(29). In this library, each bead is topologically segregated into
two layers. The surface layer displays an inverted peptide
with variable sequence and a free C-terminus of the form resin-
MLLBBEAAX *X*X2X"'X’coon, where B is f-alanine and
X=X represent L-a-aminobutyrate (Abu or C, a replacement
of cysteine), L-norleucine (Nle or M, a replacement of methionine),
or any of the remaining 18 amino acids (Figure 2). The interior
layer of the bead contains the corresponding peptide in the
normal orientation (with a free N-terminus), which serves as
an encoding tag for determining the sequence of the peptide.
The library has a theoretical diversity of 20° or 3.2 x 10°. We
conducted library screening by incubating the OBOC library
(typically 10—50 mg of the library resin) with fluorescently
labeled or biotinylated GST—PDZ domain fusion protein and
selecting those beads that were fluorescent or turquoise-colored
(using an on-bead streptavidin—alkaline phosphatase and BCIP
substrate) (29). The stringency of the screening was controlled (by
varying the amount of GST—PDZ domain fusion protein and
staining reaction time) so that ~0.05% of the library beads
(typically 10—60 beads) became positive. The resulting positive
beads, which should carry peptides of the highest affinities to the
target protein, were manually removed from the library and
individually sequenced by PED—MS (30). Note that macromo-
lecules such as the GST—PDZ domain fusion proteins are too
large to diffuse into the TentaGel beads and therefore only
accessible to the inverted peptides on the bead surface. Thus,
the encoding peptides in the bead interior do not interfere with
library screening.

The Tiaml PDZ domain was screened against a total of
102 mg of the library (~290000 beads) in six separate experiments
to give a total of 126 positive beads. Although the number of
beads and/or peptides screened represented only ~10% of the
library sequence space, we have previously shown that the
consensus sequence(s) of a typical protein domain can be unam-
biguously determined by screening only 10% of the library,
because not all of the random positions are required for binding
to the target proteins (29, 34). Sequencing of the 126 beads by
PED—MS (30) gave 106 reliable sequences (Table 1); for the
other 20 beads, the quality of their mass spectra was too poor
to allow for definitive sequence assignment. All six screening
experiments gave the same types of (though not identical)
sequences, demonstrating the reproducibility of the screening
procedure. The 106 sequences were initially sorted into four
different groups on the basis of sequence similarities with
the aid of Microsoft Excel. Subsequently, each group of
sequences was treated with SMALI (31) analysis to construct a

OH
HN S0
MLLBBY\\\\\\K[(AAX’4X'3X'2X'1XOCOOH

® [ 1

HoN-AAX X 3X X 'X"RGBBLLM

FIGURE 2: Scheme showing the structure of the inverted peptide
library. B, S-alanine.
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Table 1: Peptide Library Sequences Selected by the GST—Tiaml PDZ
Domain Fusion Protein (total of 106)“
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F1GURE 3: Sequence specificity of Tiam1 and Tiam2 PDZ domains.
The histograms indicate the amino acids identified in the combina-
torial peptide screen. Each position in the peptide is labeled Py—P_4
starting from the C-terminus. The “Occurrence (%)” on the y-axis
represents the percentage of the selected sequences (groups I and II)
that contained a particular amino acid at a given position. C, (S)-2-
aminobutyric acid (Abu); M, norleucine (Nle).

position-weighted matrix and assign a SMALI score (S,,,), which
indicates the propensity of the peptide to bind to the query PDZ
domain (Table 1). The group I ligands have a consensus sequence
of X-®-[F/Y]-X-[A/Abu]coon (Where @ is a hydrophobic re-
sidue, especially 5-branched amino acids, while X is any amino
acid) (Table 1 and Figure 3). The 10 sequences that do not
contain Ala or Abu at position Py all have very low SMALI
scores (<1), suggesting that are either weak binders or false
positives. The group II ligands (23 sequences) have a similar
preference for a Phe/Tyr at P_, and predominantly contain
Phe at position Py, which is occasionally replaced with Nle
or Tyr. Interestingly, the group II ligands show a significant
preference for a positively charged residue (Arg or Lys) at posi-
tion P_4, a trend not observed for the group I ligands
(Table 1). The group III peptides are rich in basic residues
(Arg and Lys) at all positions, whereas the group IV peptides
each contain an H-X-H or H-X-X-H motif. We have observed
both group III and IV sequences during our studies with
other PDZ and SH2 domains and found that they have no
measurable affinity for the protein domains used in the

peptide S,  peptide S, peptide S, peptide peptide

RTYYC 1.88 VTFTA 149 KRFTF 429 FPRVR PLHCH
ATYYC 187 EVFIC 1.49 RRFHF 423 YRYQR YSHLH
1IYDC 1.86 HTFMA 148 RLFRF 415 FSDWK ACHSH
GIYYA 1.85 RVFLA 145 KFFRF 410 XXXRR HKHPY

QIYDA 1.84 QHFSA 140 KAFRF’ 410 FTKRR FTHKH
HTYRC 1.84 GILYC 126 KEFFF 402 CRFRK CHLHV
NIYFC 1.82 YIIHC 1.25 TVFPF 3.72  RKFRR  HPHCR
AIYHA 1.80 YLIDC 1.1I8 ELYYF 337 KRFPR HIHNC

NVYYC 179 RLRYC 1.16 CRYRF 337 KYRVR HEHLG
TMYRC 178 WTWEC 116 KYTYF 327 RKFKR HQHMR
ITYKA 177 WFIDA 110 EIYIF 320 RKFAK’ RHSLH
YRYRA” 175 KMMFC 1.10 YRRYF 3.12 XXGFK HRVGH
YYYKC 174 SYWIA 103 PIYVF 307 GTKWR RHLQH
TMYLA 171 KYYWS 094 EHMHF 3.03 XARTR

RWYTA 166 WRFVT 075 DLMFF 3.02 RRSRV

EKYWA” 166 FRTWT 040 TRWQF 3.0l YYKRD

DFYCA 166 EMMLT 035 XXXYF 2.62 KRWTE

AEYVA 165 QVIPN 030 RIFTM 222 RYKYN

KIFRC 160 GLRII 027 WRFEM 2.13 RRVIT

QIFDA 158 CWLKS 026 RQFYY 196 RRKYW

SRFYC 154 GPTHQ 025 FCFEM 186 KRRHY

TRFRC 154 CLDWE 022 KYMDM 145 KRKTY

TTFCA 151 QCESL  0.18 RYQWY 091 LRKRY

QFFVC 149

“Underlined sequences were selected by the SA-AP/BCIP method,
whereas the rest of the sequences were selected against Texas Red-labeled
GST—PDZ domain fusion protein. M, norleucine; C, (S)-2-aminobutyric
acid; X, amino acid identity could not be determined; S,,, SMALI score.
bSequences selected for further binding analysis.

screens (29, 35). Two of the group III (YAARKFAKcoon)
and group IV peptides (YAAQKHFHoop) were synthesized
with dansyl chloride at the N-terminus and tested for binding to
Tiaml and Tiam2 PDZ domains in the solution phase. Both
peptides failed to bind to any of the PDZ domains (vide infra).
The group III sequences are likely caused by the high ligand
density on TentaGel beads (~100 mM), which permits a nega-
tively charged protein molecule (or a negatively charged surface
patch) to electrostatically interact with multiple peptides on the
bead surface (35). The origin of the group IV peptides, which are
primarily associated with the SA-AP/BCIP screening method,
remains unknown. Thus, we consider both group III and IV
sequences as false positives, although we cannot rule out the
possibility that some of them may bind weakly to the Tiam1 PDZ
domain, as our previous work has shown that certain weak
ligands can be selected from a library if their specific binding
(desired) is enhanced by undesired multidentate interactions (35).

Screening against the PDZ domain of Tiam?2 yielded the same
four groups of sequences (Table 2). The group I peptides that
bind this PDZ domain are similar to those of the Tiaml PDZ
domain, except that Val was also selected at the C-terminus. The
group II peptides were also similar to the group II peptides of the
Tiaml PDZ domain, in that they both selected an aromatic
residue (Phe or Tyr) at the C-terminal position. However, the two
PDZ domains show some key differences in their specificities.
First, the Tiaml PDZ domain selected predominantly Phe at
position Py, whereas the Tiam2 PDZ domain appears to bind Phe
and Tyr equally well (Figure 3). Second, while the Tiam1 PDZ
domain selected more group I peptides (47 sequences) than group
IT peptides (23 sequences), the Tiam2 PDZ domain selected a



Article

much greater number of group II peptides (10:44 group I:group
IT ratio), suggesting that it has higher affinity for the group II
sequences. Additionally, the group II peptides selected by the
Tiam2 PDZ domain exhibited broader specificity at the C-term-
inal position, accepting bulkier side chains (e.g., Val) (Tables 1
and 2). Third, the Tiam1 PDZ domain strongly prefers Phe or
Tyr at position P_,, whereas the Tiam2 PDZ domain accepts

Table 2: Peptide Library Sequences Selected by the GST—Tiam2 PDZ
Domain Fusion Protein (total of 69)*

group group group group
1(10) 11 (44) 111 (3) IV (12)
peptide S peptide S peptide S, peptide peptide
FKYCC 332 CHKHF 204 GYHRY 153 TTSKR YKHAH
IKYFA 324 GRKHF’ 196 KYELF 153 DKQYR QKHFH’
LKYFA 324 SLKHF 193 HCKRY 1.52 YMRRR RRHFH
SKFYV ~ 3.04 RHHCF 1.88 MHRAY 1.52 MRHFH
YHYAV 301 IHKSF 187 VKNFF 148 CRHIH
XKYYL 301 KYHVF 181 IKRIY 1.46 IYHKH
YHRHV 2.15 SRHAF 181 ERAHY 143 KSHRH
KRTYV® 210 LQKYF 180 XXYWF 142 EKHTH
WPMGC 151 KFHLF 179 GMRYY 141 IRHVH
MLHMC 1.51 FRHVF 179 NKRCY 141 CHLHR
KHCHF 179 CHYRY 14l RHSHR
KHPHF 1.79 XXXIF 137 HFHKR
YSKYF 178 RLTEY 1.2
IIHTF 1.78 RQINY  1.20
LIHKF® 177 TGLLY  1.19
HPHKF 174 MRHNW 0.67
ILKHY 171 KLRYH 0.64
TKHHY 1.70 CVRYW 0.57
YKAHF 170 EVYAH 041
VCKHY 1.66 LVQIW  0.36
FCKHY 1.66 PAVTH  0.30
YHKKY 1.65
KHRTY  1.57

“Underlined sequences were selected against Texas Red-labeled
GST—PDZ domain fusion protein, whereas the rest of the sequences were
selected by the SA-AP/BCIP method, followed by a secondary screen for
Texas Red. M, norleucine; C, (S)-2-aminobutyric acid; X, amino acid
identity could not be determined; S,,, SMALI score. “Sequences selected
for further binding analysis.
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both Tyr and positively charged residues (His, Lys, and Arg)
(Figure 3). Overall, the results from the peptide library screen
suggest that the Tiaml and Tiam2 PDZ domains have over-
lapping but distinct specificities for peptide ligands and indicate
that positions Py and P_, are the most crucial determinants for
their specificities. The group III and IV sequences are deemed
false positives. The Tiam2 PDZ domain selected a smaller num-
ber of false positive sequences as compared to the Tiaml PDZ
domain. This is likely due to the fact that the Tiam2 PDZ domain
generally has higher affinities for the library peptides (vide infra)
and is therefore less susceptible to interference from nonspecific
binding (34).

Binding Affinities of Tiaml and Tiam2 PDZ Domains
for Peptide Ligands. To validate the library screening results,
we randomly selected and synthesized three representative
peptides for each PDZ domain (YAAKAFRFcoon, YAAYR-
YRAcoon, and YAAEKYWA ooy for Tiaml and YAAGR-
KHFCOOH: YAALIHKFCOOH, and YAAKRTYVCOOH for
Tiam?2) and determined their binding affinities by a fluorescence
anisotropy assay. These peptides represent group I and II pep-
tides that make up the major binding motif found in the library
screen. As mentioned above, two group Il and IV peptides were
also tested and did not bind to either the Tiam1 or Tiam2 PDZ
domain. In contrast, the three group I and II peptides tested for
the Tiam2 PDZ domain bound with affinities typical for PDZ
domains (K4 = 10—80 M) and showed no detectable binding to
the Tiam1 PDZ domain (Table 3). Interestingly, the three library-
derived Tiaml peptides only weakly bound the Tiaml PDZ
domain (K values from 90 to >250 uM) but bound the Tiam2
domain with higher affinities (K4 ~ 20 uM). The weak affinity of
the Tiaml PDZ domain also explains why library screening
against this domain was more problematic and resulted in a
larger number of false positive beads as compared to the number
for the Tiam2 PDZ domain (Tables 1 and 2). A possible
explanation for the generally weak binding of the Tiam1 PDZ
domain is that residue P_s may also contribute to binding (8).
To test this notion, we synthesized and tested a peptide contain-
ing a Gln at position P_s, because several Tiaml-interacting
proteins contain a Gln at this position (Table 3). However, the

Table 3: Dissociation Constants (Ky) for the Interactions of the Tiam1 and Tiam2 PDZ Domains with Library and Physiological Peptides

Ky (MM)
Peptide Sequence Tiaml PDZ Tiam2 PDZ
Tiam1 peptide 1 (Group I) YAAYRYRA NB“ 225+ 1.1
Tiam1 peptide 2 (Group I) YAREKYWA 90.3+8.3 10.9+0.4
Tiam1 peptide 3 (Group II) YAAKAFRF 200 + 50 77+1.3
Tiam1 peptide 4 (Group III) ~ YAARKFAK NB“ NB“
Tiam2 peptide 1 (Group I) YAAKRTYV NB“ 77.6+2.4
Tiam2 peptide 2 (Group II) YAAGRKHF NB 99+22
Tiam2 peptide 3 (Group II) YAALIHKF NB¢ 28.7+4.9
Tiam2 peptide 4 (Group IV) ~ YAAQKHFH NB* NB?

Ka (M)
Peptide Sequence Tiam1 PDZ Tiam2 PDZ
Model SSRKEYYA 112+ 155 24.1+7.1
Syndecanl TKQEEFYA 26.9+0.9° 200 +20
Syndecanl (A—F) TKQEEFYF 55.7+3.6" 45402
Caspr4 ENQKEYFF 19.0+0.4 34+03
Casprd (F—A) ENQKEYFA 64.8+5.9" 787+7.8
Neurexinl NKDKEYYV 2400 + 250"¢ 5.0+0.2

“No binding detected within the limitations of the fluorescence binding assay (> 250 uM). “Data taken from ref 8. “Affinity based on NMR titration.
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Table 4: Comparison of the Derived Consensus Sequences” for Tiam1 and
Tiam2 PDZ Domain Ligands

P_, P_, P_, P_, Py
Tiam1 (25) [X] 1 [FY] [YH]  [AF]
Tiam1 (26) [F ILM]  [G] W] [F]
Tiaml (this study)’  [RK]  [IR] [FY] [YR] [ACF]
Tiam2(26) [R] [STE]  [ST] [SR] V]
Tiam2 (this study)’  [K] [RKH] [YRKH] [YH] [FY]

“Abbreviations: C, (S)-2-aminobutyric acid; X, any amino acid. “The
indicated amino acids had an occurrence of 10% at each position, one
standard deviation from the average.

addition of a Gln at position P_s did not enhance binding,
suggesting that this position does not significantly contribute to
binding. Despite the fact that the selected library sequences had
only weak affinity for the Tiaml PDZ domain, the obtained
preferences at each position closely recapitulate the consensus
sequences identified by the previous studies of Songyang et
al. (25) and Tonikian et al. (26), further validating the results
of our screening. The derived consensus sequences for the Tiam1
and Tiam2 PDZ domains are listed in Table 4.

Potential Tiaml- and Tiam2-Binding Proteins. Using a
composite consensus sequence based on the studies presented
here and previous studies (8, 25—27), we searched the PROSITE
database (36) for candidate Tiaml and Tiam2 PDZ domain-
binding proteins. This analysis yielded 12 human proteins for
Tiam1 and 43 proteins for Tiam2 (Tables S1 and S2 of the
Supporting Information). Among the identified candidate pro-
teins were Syndecan proteins, Contactin-associated protein-like
4 (Caspr4), and Neurexinl. Syndecans are cell—cell and cell—
matrix adhesion proteins (37, 38), and Caspr4 (39) and Neurex-
inl (40, 41) are neuronal cell—cell adhesion proteins of the
Neurexin family. The four isoforms of Syndecan (1—4) have very
similar C-terminal sequences, with the last four residues being
EFYAcoon; the four C-terminal residues of Caspr4 are EYFF-
coon» and Neurexinl has a C-terminus of EYYVcoon. The
putative Tiaml PDZ domain-binding proteins were consistent
with those found previously (8), while those for the Tiam2 PDZ
domain constitute a novel set of proteins that may link Tiam2 to
new functions (Table S2 of the Supporting Information).

We next tested the two PDZ domains against peptide ligands
derived from the C-termini of known and putative PDZ domain-
binding proteins. We have previously shown that the C-terminal
peptides from Syndecanl (TKQEEFYAcoon) and Caspr4
(ENQKEYFFcoon) bound the Tiam1 PDZ domain with typical
PDZ domain ligand affinities, whereas the Neurexinl peptide
(NKDKEYY Vcoon) bound with a very low affinity (Table 3) (8).
Because the library screening indicated differences in specificity
between the Tiaml and Tiam2 PDZ domains, we investigated
whether the Tiam2 PDZ domain could bind these physiologically
relevant peptide ligands. The Caspr4 peptide matches both the
Tiaml and Tiam2 PDZ domain consensus sequences, and it
indeed bound the Tiam2 PDZ domain with a K value of 3.4 uM,
~6-fold lower than that of the Tiam1 PDZ domain (Table 3). The
Syndecan] peptide, which does not match the Tiam2 consensus
sequence, bound only very weakly to the Tiam2 PDZ domain (Ky
~ 200 uM). Given the general trend that the Tiam2 PDZ domain
binds ligands with higher affinity than the Tiam1 PDZ domain,
the weak binding of the Tiam2 PDZ domain for the Syndecan]
peptide suggests that this interaction is clearly not favored. In
contrast, the Tiam2 PDZ domain bound the Neurexinl peptide
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with high affinity (K4 = 5.0 uM), even though it contains a Val at
the C-terminus, which was less frequently selected by the Tiam2
PDZ domain during library screening (Figure 3). This observa-
tion highlights the importance of acquiring individual binding
sequences during library screening, as minor consensus sequences
of this type (which bind to the target protein with high affinity but
have low abundance in the library) would have been overlooked
by some of the other library methods that select for both affinity
and abundance [e.g., the oriented peptide library method (25)].

We previously employed Caspr4 and Syndecanl peptides with
point mutations at Py to examine the specificity of the Tiam1 PDZ
domain (8). Here, we used these peptides to further probe the
specificity of the Tiam2 PDZ domain at position Py. Specifically,
the C-terminal residues of the Syndecanl and Caspr4 ligand were
switched to Phe and Ala, respectively [denoted as Syndecanl-
(A—F) and Caspr4(F—A), respectively]. We found that substitu-
tion of Ala for the C-terminal Phe of the Caspr4 peptide reduced
its binding affinity for the Tiam2 PDZ domain by 23-fold, whereas
replacement of the C-terminal Ala of the Syndecanl peptide with a
Phe increased the affinity by 44-fold (Table 3). These experiments
corroborate the findings obtained from the peptide library screen
and indicate that position Py is a key determinant that defines
the specificity difference between the Tiaml and Tiam2 PDZ
domains and that a lack of optimal residues in Py seems to be
partially offset in Tiam2 by the presence of a Tyr at position P_,.

Sy and S_5 Residues Selectively Modulate Ligand Affi-
nity and Specificity. To establish the thermodynamic origin of
the distinct specificity between the two Tiam PDZ domains, we
probed the individual specificity pockets identified in the Tiam1
PDZ domain structure. To understand the roles of residues L915,
1920, L911, and K912 in Tiaml PDZ domain affinity and spe-
cificity, we created single-site mutants at each of these positions,
changing the residue to the corresponding amino acid found in
the Tiam2 PDZ domain. In addition, the double mutants L915F/
L920V and L911M/K912E were created. For each mutant, the
K4 and free energy of binding (AGy, eq 2) were determined for the
interaction with the Syndecanl and Caspr4 peptides (Table 5).
Syndecanl binding was disrupted by all of the mutations in the
So pocket: the K4 was 3-fold higher in the case of L915F, 2-fold
higher for L1920V, and ~5-fold higher for the L915F/L920V
double mutant. The Caspr4 binding data were more heteroge-
neous, with a ~3-fold increase in K4 for the L915F mutant, a ~2-
fold decrease in K for the L920V mutant, and a 4-fold increase in
K, for the L915F/L920V double mutant. Binding of Neurexinl
to each single mutant was too weak to allow for reliable mea-
surement of the Ky changes and was therefore not analyzed in
detail. Notably, however, the L915F/L920V double mutant
bound the Neurexinl peptide with a K4 ~14-fold lower than
that of the wild-type Tiam1 PDZ domain.

When residues in the S_, pocket were probed, the L911M
mutation did not disrupt binding to either the Syndecanl or
Caspr4 peptide, as both interactions had affinities similar to that
of the wild-type Tiaml PDZ domain (Table 5). The K912E
mutation disrupted binding to both the Syndecanl (5-fold) and
Caspr4 (3-fold) peptides. Both the L911M and K912E mutants
bound very weakly to the Neurexinl peptide and were not
analyzed further. The L911M/K912E double mutant, however,
exhibited significant impairment in Syndecan] binding (~8-fold),
yet its affinity for the Caspr4 peptide was nearly the same as that
for the wild-type Tiam1 PDZ domain. Finally, the Neurexinl
peptide bound to the L911M/K912E double mutant with a
K4 ~9-fold lower than that for the wild-type Tiam1 PDZ domain.
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Table 5: Pairwise Coupling Free Energies of Interaction (AAAG;,,) for Tiaml PDZ Domain Mutants as a Function of Binding the Syndecanl, Caspr4,

and Neurexinl Peptide Ligands®

Tiam1 PDZ domain Kq (uM) AG? AAGy’ AAAG; ! S singles
Syndecanl (TKQEEFYAcoon)

wild type 26.9 +0.90 —6.23+0.02

L911M 34.740.70 —6.08£0.01 0.15+0.02

K912E 140 +20 —5.254+0.08 0.98 +0.09

L911M/K912E 211 +36 —5.0040.10 1.20+0.10 0.07+0.13 1.13+0.09
L915F 81+7 —5.58 +£0.05 0.65+0.06

L920V 4643 —5.9240.03 0.31+0.04

L915F/L920V 250 420 —4.91+0.08 1.32+£0.09 0.36+0.13 0.96+0.07
oM 122438 —5.33+0.04 0.89+ 0.04

Caspr4 (ENQKEYFFcoon)

wild type 19.0 +0.40 —6.43+0.01

L911M 14.0 +0.30 —6.61+0.01 —0.18 +£0.02

K912E 58.6+£4.10 —5.77+0.04 0.67+0.04

L911M/K912E 28.9+0.90 —6.19+0.02 0.24+0.02 —0.25+0.04 0.49 +0.04
L915F 61 +4 —5.74+0.04 0.69 +0.04

L920V 10.8 +0.60 —6.77+ 0.03 —0.33+0.04

L915F/L920V 76.5+ 3.4 —5.61£0.04 0.75+ 0.05 0.38£0.10 0.36£0.06
QM 18.3+0.30 —6.46+0.01 —0.02+0.02

Neurexinl (NKDKEYYVcoor)

wild type 2400 4 250¢ =3.60+0.10

L911M/K912E 270 + 150 —4.90 +£0.30 —1.30£0.30

L915F/L920V 166+ 12 —-5.15+0.07 —~1.58 +£0.10

QM 4642 —5.9140.04 —2.3040.10

“Abbreviations: b, binding; int, interaction; QM, quadruple mutant (L911M/K912E/L915F/L920V). ®Units of kilocalories per mole. ‘AAG, =
AGp(mutant) — AGy(wild-type). “AAAG;, = AGy(mutantl,2) — [AGp(mutantl) + AGy(mutant2)]. “Data taken from ref 8.

These results suggest that residues in the Sy and S_, pockets are
important for determining the specificity of the Tiaml PDZ
domain, and that their relative importance is dependent upon the
peptide ligand being examined.

Double-Mutant Cycle Analysis of the Sy and S_5 Bind-
ing Pocket Residues. We used double-mutant cycle analysis
to further characterize the energy of interaction between sites
mutated in the Tiam1 PDZ domain. This type of analysis involves
construction of thermodynamic cycles from two mutants made
individually and then together within the same protein, and
measurement of free energy to determine whether these indivi-
dual mutations cause additive changes in energetics (42). The
results of the double-mutant cycle analysis are listed in Table 5.
The two amino acids of the S, binding pocket that were probed
(L915 and 1.920) were found to act cooperatively with respect to
both Syndecanl (AAAG;, 0.36 kcal/mol) and Caspr4
(AAAG;, = 0.38 kcal/mol) binding. In both cases, most of the
loss of binding energy was attributable to the L915F mutant, and
the L920V mutant was unable to rescue binding. Double-mutant
cycle analysis was also applied to residues L911 and K912 of the
S_, pocket. These residues were not coupled with respect to
Syndecanl binding (AAAG;,, = 0.07 kcal/mol) but did act
cooperatively (AAAG;,, = —0.25 kcal/mol) with respect to
Caspr4 peptide binding. These data indicate that residues L915
and 1920 in the S, pocket work cooperatively to provide
selectivity for both ligands. In contrast, energetic coupling
between residues L911 and K912 was ligand-dependent, suggest-
ing that they interact in a distinct manner with different ligands.

Residues in Sy and S—> Pockets Determine Tiaml and
Tiam2 PDZ Domain Specificity. Having established that single
and double Tiam1 PDZ domain mutations within the Sy and S_,

binding pockets can modify ligand specificity, we next combined
the four mutations in the binding pockets to produce a Tiaml
quadruple mutant (QM) and determined the combined effect on
binding the Syndecanl, Casprd, and Neurexinl peptides. While
none of the single or double mutants was able to fully re-create
the specificity profiles of the Tiam2 PDZ domain, the quadruple
mutant Tiaml PDZ domain did; it was able to bind both the
Caspr4 and Neurexinl peptides but not the Syndecanl peptide
(Figure 4). The Tiaml QM PDZ domain bound the Caspr4
peptide with approximately the same Ky as the wild-type PDZ
domain, while the affinity for the Neurexin] peptide was enhanced
52-fold. In contrast, the Tiaml QM PDZ domain bound the
Syndecanl peptide with a 5-fold greater K than did the wild-type
PDZ domain. Comparison of the Tiaml QM PDZ domain with
the Tiam2 PDZ domain indicated that although the peptide
specificity profiles of the two are the same, their affinity for these
peptides was distinct. For example, the QM PDZ domain bound
the Caspr4 peptide with a 5-fold higher Kj, the Neurexinl peptide
with a 9-fold higher K4, and the Syndecan] peptide with a 1.6-fold
lower K than did the Tiam2 PDZ domain. Taken together, these
data show that the four mutations in the Tiaml PDZ domain
alone are sufficient to effectively recapitulate the binding specifi-
city of the Tiam2 PDZ domain, but additional mutations are
needed to match the affinities of the Tiam2 PDZ domain precisely.

DISCUSSION

The Tiaml and Tiam2 GEF proteins have generally been
assumed to have similar and overlapping functions within the
cell (43, 44). This notion is reinforced by the fact that both
proteins have similar domain compositions and high degrees of
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FiGURE 4: The Tiaml PDZ domain quadruple mutant (QM) has the same specificity as the Tiam2 PDZ domain. Representative peptide
binding curves for (A) the Tiam2 PDZ domain and (B) the Tiam1 PDZ domain QM (L911M, K912E, L915F, and L920V). Individual curves are
for interactions with the (O) Caspr4, (¥) Neurexinl, and (®) Syndecan] peptides. Each titration curve was measured in triplicate.

sequence conservation in the PH,-CC-Ex and DH-PH, catalytic
domains (Figure 1A). Furthermore, the PH,-CC-Ex domains of
both proteins show redundancy in structure and binding part-
ners (45), and both DH-PH, domains are known to specifically
activate the Racl GTPase (21). Nevertheless, close examination
of other domains in Tiam1 and Tiam?2 proteins, such as the PDZ
domain, suggests that this functional redundancy may not apply
to all domains. Previous studies on the specificity of the Tiaml
and Tiam2 PDZ domains have generated significant discrepan-
cies. We sought to resolve these discrepancies by using a novel
combinatorial peptide screen (29) to independently determine the
consensus binding sequences for the Tiaml and Tiam2 PDZ
domains. Furthermore, we were interested in determining the
molecular origin of the Tiam family PDZ domain specificity.
Rationalizing Tiaml and Tiam2 PDZ Domain Specifi-
cities. The study by Songyang et al. (25) showed that the Tiaml
PDZ domain has a preference for peptides containing Phe or Ala
at the C-terminal position (Py) (Table 4). Tonikian et al. (26)
reported that the Tiam1 PDZ domain preferred Phe at Py, but not
Ala. Our results show that both Phe and Ala are preferred res-
idues at position Py. Additionally, our study reveals a preference
for Abu, used as a cysteine replacement. The preference for Ala
(or Abu) can be readily explained by the structure of the Tiaml
PDZ domain, which has a shallow S, pocket accepting the small
methyl group of Ala, whereas a conformational change(s) in this
pocket or the peptide ligand may be necessary to accommodate
the larger side chain of Phe (8). Table 4 shows that the Tiaml
PDZ domain had amino acid preferences for N-terminal residues
of the ligand as well. All previous studies indicate that the PDZ
domain prefers a hydrophobic side chain (Tyr and Trp) at
position P_; (Table 4). Our results show that Argis also preferred
and almost all amino acids are tolerated. The Tiaml PDZ
domain—model peptide structure shows that the P_; side chain
points to the solvent, although it can make hydrophobic and/or
hydrogen bonding interactions with residues S861, N876, and
S877 in the S_; pocket (8). At position P_,, we found that the
Tiaml PDZ domain is highly selective for aromatic residues (Phe
and Tyr), in agreement with the results of Songyang et al. (25).
The Tiam1 PDZ domain—model peptide structure shows that the
Tyr side chain fits snugly into a large, deep pocket on the PDZ
domain surface (8). It is unclear why the phage display experi-
ment of Tonikian et al. (26) selected Gly exclusively at this

position. The Tiaml PDZ domain again tolerates a variety of
amino acids at position P_j; but has some preference for residues
containing larger hydrophobic side chains (e.g., Ile, Tyr, Leu, and
Arg) (Figure 3). In the PDZ domain—model peptide structure
(Figure 1C), the P_5 side chain is exposed to the solvent and
therefore many different residues are accommodated at this
position. However, the - and y-methylene groups of the P_;
Glu are engaged in hydrophobic interactions with both the PDZ
domain surface and the side chain of residue P_; (Tyr), and this
may provide some degree of selectivity. Finally, the Tiam1 PDZ
domain has broad specificity with some preference for charged
residues (Arg, Lys, and Glu) at position P_4. The broad
specificity is explained by the fact that the P_, side chain is
mostly exposed to the solvent in the Tiam1 PDZ domain—model
peptide structure (Figure 1D). Thus, the particular preferences for
ligand residues at positions Py—P_,4 by the Tiaml PDZ domain
are readily rationalized by the Tiaml PDZ domain—model
peptide structure.

Our results show that the Tiam2 PDZ domain has a distinct
but overlapping specificity compared to that of the Tiaml PDZ
domain. A major distinction between these two PDZ domains is
at position P,. Although the two PDZ domains accept (and
selected from the library) the same set of amino acids at position
Py (Ala, Abu, Phe, and Tyr), they have very different relative
preferences for these residues. The Tiam1 PDZ domain selected
Ala and Phe with similar frequencies, and the actual binding
affinity for each (Ala vs Phe) depends on the sequence context of
positions P_s—P_;. The Tiam2 PDZ domain, on the other hand,
clearly prefers Phe and Tyr over Ala (Figure 3 and Table 3).
However, with optimal sequences at other positions, peptides
with a C-terminal Ala and Val may still bind to the Tiam2 PDZ
domain with respectable affinities (Table 3). In particular, the
peptide from Neurexinl (containing Val at the C-terminus) was
in fact one of the most potent peptide ligands of the Tiam2 PDZ
domain identified in this study (Ky = 5.0 uM). Thus, it appears
that the work of Tonikian et al. (26) identified a minor consensus
class of Tiam2 ligands. It is not yet clear why their method did not
select the major consensus class of ligands, which are generally
more potent ligands than those of the minor class.

The Tiam2 PDZ domain was also selective for residues
P_4—P_; of the ligand. Similar to the Tiaml PDZ domain, it
prefers hydrophobic and positively charged residues at position
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P_;. A homology model of the Tiam2 PDZ domain based on the
structure of the Taiml PDZ domain suggests that the residues
surrounding residue P_; form a hydrophobic patch and that
D845 in 3 of the Tiam2 PDZ domain (S877 in the Tiam1 PDZ
domain) could form a salt bridge with surrounding basic side
chains. Another major difference in specificity compared to the
Tiam! PDZ domain is at position P_,. The Tiam2 PDZ domain
strongly prefers Tyr and the positively charged His, Lys, or Arg at
this position. The preference for positively charged amino acids at
this position is likely due to the presence of a glutamic acid near
the P_, binding pocket in the Tiam2 PDZ domain (corresponding
to residue K912 in the Tiaml PDZ domain). The selection of
charged residues at position P_4 might also be due to the Glu at
position 912. Together, these results indicate that the Tiam1 and
Taim2 PDZ domains have overlapping but distinct specificities,
and that the Py and P_, positions in the ligand are the major
determinants of Tiam1 and Tiam2 PDZ domain specificity.

Origin of Tiam Family PDZ Domain Specificity. On the
basis of the results from the peptide screen, structural data, and
the primary sequence alignment of the Tiam1 and Tiam2 PDZ
domains, we hypothesized that the differences in the specificities
of these proteins are determined primarily by the residues at
positions Py and P_, of the ligand and residues in the Sy and S_,
pockets of the PDZ domain that participate in protein—ligand
interactions. Here we sought to identify the residues that determine
the specificity of these two PDZ domains and to establish if we
could rationally re-engineer PDZ domain specificity by making
targeted mutations in the Sy and S_, pockets.

Asdescribed in our previous study, the S, binding pocket in the
Tiaml PDZ domain is shallow and formed in part by LI15 in
a2 and 1.920 found in strand 6 (Figure 1D). Notably, neither of
these residues is conserved between the Tiam1 and Tiam2 PDZ
domains (Figure 1B). On the basis of the Tiam1 PDZ domain—
Model peptide structure (8), we hypothesized that substituting
residues in this pocket with those found at these positions in
Tiam2 might enable the Tiam1 PDZ domain to bind Tiam2 PDZ
domain ligands. Our results with the Sy pocket mutants showed
that the L915F mutant disrupted Caspr4 peptide binding but that
the L920V mutant exhibited enhanced binding. In addition, the
So pocket double mutant L915F/L920V disrupted Caspr4 bind-
ing (~4-fold) and Syndecanl binding (~9-fold), revealing a
modest negative cooperativity in both cases. These results suggest
that L915 and L920 contribute to ligand specificity by selecting
residues in Py and, in the case of the Tiam1 PDZ domain, are fine-
tuned to accommodate Ala and Phe. In contrast, residues in the
So pocket of the Tiam2 PDZ domain prefer ligands with a
C-terminal Phe/Tyr and Val over those that contain Ala at this
position. While neither single Sq mutant could accommodate a
Val at the C-terminal position, the double mutant acquired the
ability to bind the Neurexinl peptide at the expense of its ability
to bind the Syndecanl peptide, arguing that these two residues
synergistically contribute to Tiam1 PDZ domain specificity.

Examination of the structure of the Tiaml PDZ domain—
Model peptide structure indicates that residues L911 and K912
form a pocket that packs against the Tyr at position P_, of the
ligand (Figure 1C,D) (8). In addition, this structure shows that
residue Lys P_4 of the Model ligand is ~7 A from K912 of the
PDZ domain. In the case of the Syndecan] peptide, residue P_4 is
a Glu, and one can imagine that a salt bridge might form between
this side chain and that of K912. This hypothesis is supported by
the binding results with the K912E mutant, which reduced the
level of Syndecanl peptide binding to the level seen with the
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Model peptide. The L911M mutant did not have a strong effect
on the binding of either Syndecanl or Caspr4 ligand, and this
mutation was incapable of rescuing Syndecan| ligand binding in
the presence of K912E. In contrast, the L911M/K912E double
mutant had a cooperative affect, restoring Caspr4 binding levels
near that seen with the wild-type protein. Interestingly, this
double mutant also exhibited a marked increase in affinity for
Neurexinl. Together, these results show that the S_, pocket has
little influence on Caspr4 peptide specificity and affinity yet
profoundly affects interactions with Syndecanl and Neurexinl.
Thus, it appears that PDZ domain—ligand interactions are
optimized distinctly for each ligand.

A Quadruple Mutant Leads to the Switch in Specificity
of the Tiaml PDZ Domain. Each of the double mutants tested
had vestigial Tiam2 PDZ domain specificity, such that Caspr4
peptide binding was mildly perturbed at the expense of Synde-
canl peptide binding and interactions with the Neurexin1 peptide
were always enhanced. Remarkably, the four mutations were
highly synergistic when combined. The Tiam1 QM PDZ domain
bound the Caspré4 peptide with an affinity indistinguishable from
that measured with the wild-type Tiam1 PDZ domain, while the
Neurexinl peptide bound with a Ky ~52-fold lower than that of
the wild-type PDZ domain. In addition, the Tiaml QM PDZ
domain significantly disrupted the Syndecanl peptide interac-
tion. Thus, the four mutations found in the Sy and S_, pockets
effectively switched the specificity of the Tiam1 PDZ domain to
that of the Tiam2 PDZ domain. The structural origin of this
change in specificity is not fully understood but likely reflects
stabilizing interactions between the Sy and S_, pockets.

Cooperative Effects and Engineering PDZ Domain—
Ligand Binding Interactions. Our results show that PDZ
domain specificity can be rationally re-engineered via incorpora-
tion of only a few specific mutations. Thus, engineered Tiam
family PDZ domains with particular specificities could be used to
probe PDZ domain-dependent functions. In general, such switches
have been difficult to achieve and have been possible only when
elaborate biological screens or computational algorithms were
implemented (46—48). The re-engineering process was simplified
in this case by the fact that the Tiam1 and Tiam2 PDZ domains
have overlapping specificity. In particular, the interaction be-
tween residue K912 and ligand residue P_4 appears to be impor-
tant in establishing PDZ domain specificity playing a critical role
in promoting Syndecanl peptide binding. Our findings also
revealed that specificity subsites in the Tiaml PDZ domain are
coupled and that this coupling is dependent upon the ligand.
Although not tested here, cooperativity between subsites might
also be important. The fact that mutations in the Sy and S_,
pockets were synergistic in changing the Tiaml PDZ domain
specificity hints that these couplings might exist. Our results
support the notion that PDZ domain affinity and specificity are
regulated by determinants spread across the entire binding site
rather than by a few discrete subsites (8, 27, 49, 50). This feature
would likely allow the broad range of PDZ domain specificities
needed to accommodate interactions with many potential ligands
but would also complicate the design of novel specificities. Thus,
cooperative effects may present a significant challenge for
designing de novo PDZ domain specificities when starting from
a template backbone structure.

Evolutionarily Conserved Specificity of Tiam Family
PDZ Domains. Having shown that four nonconserved residues
are vital for determining the specificity of the Tiam1 PDZ domain,
we examined if these residues might be evolutionarily conserved
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FiGURE 5: PDZ domains of Tiam family guanine exchange proteins can be classified into four subfamilies. Forty-three protein sequences were
collected from the SMART database (53, 54). The PDZ domain of each “Tiam-like” protein was aligned with the Tiam1 PDZ domain using
ClustalX2 (55). The PDZ domains were grouped into four classes (A—D) based on the conservation of residues 911,912,915, and 920, respectively
(numbered according to the Tiaml PDZ domain). The protein accession numbers for these proteins are as follows: (A) Tiaml-like
(Pt, UPIOO00E25843; Pa, XP_002830672; Hs, Q13009-1; Mm, UPI0000D9A603; Cj, XP_002761403; Rn, UPI0000DA3756; Mm, Q60610;
Th, ENSTBEP00000012843; Sz, ENSSTOP00000005270; Oc, XP_002716851; Bt, UPIO000F33E72; Ec, UPI00015606CF; Fc, EN-
SFCAP00000002181; Md, ENSMODP00000037826; Gg, UPIO000ECD4E6; Tg, XP_002188532), (B) Tiam2-like (Hs, Q8IVFS; Pr,
UPI0000E21226; Mm, UPI0000DC5170; Bz, UPI0000F3232D; C/, UPIO000EB44DA; Sz, ENSSTOP00000000705; Ec, UPI00015607E2; Rn,
UPI0000DC1DFF; Mm, UPI0000DC5170; Oa, ENSOANP00000010710; O/, ENSOANP00000010712; Md, ENSMODP00000029251; Gg,
UPIO000ECCS8BO0; T'g, XP_002198583), (C) zebrafish Tiam-like (Dr-1, XP_002664748; Tn-1, Q4RFRY; Dr-2, XP_001924044; Tn-2, Q4SFX7; Ol,
ENSORLP00000005549), and (D) SIF-like (Dm-1,P91621; Dm-2,P91620; Dp, Q2LZNS; Da, BAM3N2; Ag, Q7P166; Aa, Q17DC1; Cq, BOX8ET;
Bf, C3YH98).

throughout the Tiam family of proteins. In addition, we were observations of PDZ domain conservation support the notion
curious whether the PDZ domain could be used to effectively that Tiam family GEFs have divergent, PDZ domain-dependent
classify Tiam family GEFs, as shown by Sakarya et al. (5/) for functions that are evolutionarily conserved. Because only two in
other PDZ domain-containing proteins. To this end, we compiled vivo PDZ domain-binding partners for Tiam1 have been identi-
a collection of Tiam family PDZ domain sequences and aligned fied (8, 24) and none have been identified for either Tiam?2 or SIF,
them on the basis of the known structure of the Tiaml PDZ additional studies will be required to experimentally assess the
domain (Figure 5). Figure 5 clearly shows that the Tiam family function of the Tiam2 and hybrid PDZ domains.

PDZ domains segregate into four distinct families: Tiam1-like, Implications for PDZ Domain-Dependent Tiam Family
Tiam?2-like, zebrafish Tiam-like, and Drosophila Still Life (SIF, a Protein Function. Previously, we identified the cell adhesion
GEF)-like (52). This analysis revealed that the four residues proteins Syndecanl and Caspr4 as putative as TiamI-binding
targeted in our study were differentially conserved across these proteins. In the case of Syndecanl, we showed that it was indeed
four Tiam PDZ domain families, suggesting that PDZ domain a physiological partner of Tiam1 involved in cell migration
specificities among members of this family are distinct across and cell-matrix adhesion (8). Furthermore, we showed that
subfamilies but evolutionarily conserved within them. For ex- this interaction occurred via the PDZ domain of Tiam1 and the
ample, the four residues investigated here are absolutely con- C-terminus of Syndecanl. Here, we have identified 43 putative
served within the vertebrate Tiaml and Tiam2 PDZ domains. Tiam2-binding proteins, including the neuronal adhesion
In the zebrafish Tiam-like and SIF-like counterparts, different proteins Neurexinl and Caspr4 (Table S2 of the Supporting
sets of these four residues are conserved and the specificities Information). The Tiam2 PDZ domain is capable of binding

of these hybrid PDZ domains remain unknown. Overall, these peptides from both Neurexinl and Caspr4 (Table 3) but not
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Syndecanl. In contrast, the Tiaml PDZ domain is capable of
binding a Syndecanl and Caspr4 C-terminal peptide but not a
Neurexinl peptide. Combined, these results strongly suggest that
the Tiaml and Tiam2 PDZ domains target distinct proteins
leading to divergent functions. Importantly, our results predict
that Neurexinl and Tiam?2 are binding partners in vivo, while
Tiaml1 is not. It is interesting to note that Neurexins and Caspr4
primarily function within neuronal cells where Tiam?2 is known to
function. It remains to be seen if the cell—cell adhesion function
ascribed to the Neurexin family of receptor proteins may be
connected with Tiam2’s role in neurite extension via a PDZ
domain interaction. Additional biological studies will be required
to verify these predictions.

Conclusions. In the study presented here, we investigated the
origin of the specificities of the Tiam1 and Tiam2 PDZ domains.
Using a combinatorial peptide library screen and PDZ domain
ligands from native proteins, we determined that these two PDZ
domains have overlapping but distinct specificities. This result is
of particular interest because these two homologous proteins are
thought to be functionally redundant in many contexts (21, 44);
the distinct PDZ domain specificities suggest they may instead
have unique biological functions conferred by each PDZ domain.
Another important feature of our study was the identification of
four residues in two specificity pockets (Sy and S_») in the Tiaml
PDZ domain that are crucial for ligand affinity and specificity.
Remarkably, replacing these four residues with the correspond-
ing amino acids in the Tiam2 PDZ domain was sufficient to
switch the specificity of the Tiam1 PDZ domain to that of the
Tiam2 PDZ domain. Additionally, we found that residues in the
So and S_, pockets were energetically coupled, and that the
degree of coupling was dependent upon the identity of the ligand.
Together, these results suggest that the interactions between PDZ
domains and their ligands are highly evolved, and that specificity
is derived from determinants spread across the entire binding
interface. Finally, inspection of available Tiam family PDZ do-
main sequences provided further evidence that the Tiam family
PDZ domains have evolved distinct specificities that likely trans-
late into distinct PDZ domain-dependent functions.
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