Biochemistry2004,43, 10979-10987 10979

The Dual-Function Disabled-1 PTB Domain Exhibits Site Independence in Binding
Phosphoinositide and Peptide Ligahds

Peggy C. Stolt, Didem Vardar, and Stephen C. Blacklow*

Department of Pathology, Haard Medical School and Brigham and Women's Hospital, Zérie Louis Pasteur,
Boston, Massachusetts 02115

Receied May 5, 2004; Rgsed Manuscript Receed June 17, 2004

ABSTRACT:. While typical intracellular protein modules have only one ligand-binding site, there are rare
examples of single modules that bind two different ligands at distinct binding sites. Here we present a
detailed mutational and energetic analysis of one such domain, the phosphotyrosine binding (PTB) domain
of Disabled-1 (Dabl), which binds to both peptide and phosphoinositide (PI) ligands simultaneously at
structurally distinct binding sites. Through the techniques of isothermal titration calorimetry (ITC), analysis
of Dabl PTB domain mutants, and nuclear magnetic resonance (NMR), we have evaluated the
characteristics of binding of the Dab1 PTB domain to various peptide and Pl ligands. These studies reveal
that the presence of saturating concentrations of one ligand has little effect on the binding constant for a
second ligand at the other site. In addition, proteins with single-point mutations in the peptide-binding
site retain native affinity for PI ligands, while proteins with mutations that prevent Pl binding retain
native affinity for peptide. NMR titrations show that the final structure of the ternary complex is the same
independent of the order of addition of the two ligands. Together, these studies show that binding of
peptide and PI ligands is energetically independent and noncooperative.

Functional studies of cytosolic proteins often focus on the electrostatic interactions with a conserved buried arginine,
roles of individual protein domains. Typical domains are and specificity for flanking sequences established by ligand
small 50-150-amino acid modules that usually carry out residues C-terminal to the phosphotyrosi® 47). SH3
specific tasks, such as binding to a partner protein. Known domains typically bind proline-rich motif8{-5) via shallow
domain families, which fall inte~50—60 structural classes, binding clefts created by conserved aromatic residues, with
are found in adaptor, scaffolding, and signaling proteins as ligands bound in a polyproline type 2 helix conformation
well as enzymes and transcription factot$. (n addition, (6—8). Though recognition of canonical motifs in the
certain domain superfamilies in which members share similar standard binding mode is the rule, there are also examples
protein scaffolds but are distinguished by their ligand of SH2 and SH3 domains that exhibit selective recognition
specificity have been identified. This categorization supports of noncanonical sequences as wél-(1).
the generally held idea that one domain performs one discrete Here, we focus on a member of another common class of
function, while further interactions are facilitated by ad- protein domains, the phosphotyrosine binding (PTB) domain.
ditional domains. The PTB domain is part of the pleckstrin homology (PH)

For a typical domain, there usually exists a canonical domain superfold, which includes the PH, PTB, Ena/Vasp
binding mode, often tailored to confer biological specificity. homology (EVH1), and Ran-binding domain familiei).
Characteristic binding modes and motifs for many domains, These protein modules share a similar structural scaffold
like the well-characterized Src homology domains Seid consisting of g3-sandwich capped by a C-termiralhelix
SH3, have been identified through structural as well as but exhibit distinct ligand specificities and mechanisms of
selection studies. Typical SH2 domains bind phosphotyrosine binding.
sequences, with selectivity for phosphotyrosine resulting from  The PTB domain was originally identified as a domain
that bound to a phosphorylated tyrosine within an NPXpY
T This work was supported by NIH Grant HL-61001 to S.C.B. S.C.B. motif (13—15). Binding typically occurs througl$-strand
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Disabled-1 (Dabl) is an adaptor protein that mediates
neuronal migration during development through the associa- SOBEOOBEDGUEDEEUDBEUOREE
tion of its N-terminal PTB domain with lipoprotein receptors - )
(25—27). The Dabl PTB domain has a strong preference
for binding to NPXpY motifs with a nonphosphorylated
tyrosine (L7). Additionally, in contrast to most small protein
interaction domains, which typically adhere to a “one
domain-one ligand” paradigm, the Dabl PTB domain is
unusual in its capacity to bind both peptide and PI ligands
simultaneously.

Crystal structures of the Dabl PTB domain bound
simultaneously to peptides from either the apolipoprotein E
receptor 2 (ApoER2) or the Alzheimer’s precursor protein
(APP) cytoplasmic domain and the PI-4;%i@adgroup reveal
that binding of the two ligands occurs through discrete
binding sites 28, 29). In the ternary complex of the Dabl
PTB domain with the ApoER2 peptide and Pl-45Ehe
peptide ligand adopts the canonical binding mode but
discriminates against phosphorylated tyrosine in the NPXpY
motif via two loops that create a pocket for the tyrosyl side
chain. The association is stabilized by hydrogen bonds
between the backbone amides and carbonyls of the protein
and peptide ligand, as well as hydrophobic interactions. The
PI moiety binds in a shallow pocket on the opposite face of
the PTB domain that is formed by a group of basic residues,
which are located in the position equivalent to the PI binding
site on many PH domains. The phosphates from PlA4,5P
are coordinated by five residues; all residues are within
hydrogen bonding distance of either the 4-phosphate, the
5-phosphate, or both (Figure 28).

Since the Dabl PTB domain serves as a binding module
for both peptide and PI ligands, we have chosen this protein
domain as a model system to examine the interdependence
of two binding sites, one for peptide and one for phosphoi-
nositide, on the same structural scaffold. Using isothermal
titration calorimetry (ITC), site-directed mutagenesis, and
nuclear magnetic resonance (NMR), we have evaluated the
characteristics of binding of the Dab1 PTB domain to various
ligands. Our binding and mutational studies establish that
binding of the peptide and PI ligands is energetically
independent and noncooperative.

peptide

EXPERIMENTAL PROCEDURES

Creation of Disabled-1 PTB Domain Mutanihe murine
Disabled-1 PTB domain, encompassing amino acids 20
175, was introduced into the pDEST15 vector downstream Ficure 1: Model for the interaction among Dabl, ApoER2, and
of glutathioneStransferase (GST) as described previously PI-4,5R. (A) Structure of the Dabl PTB domain ternary complex.

(29). This plasmid was used as a template for PCR The Dabl PTB domain is shown as a semitransparent molecular
) surface representation (green), while the ligands are shown in ball-

mutagenesis using the Quick-Change Site-Directed Mutagen-q_stick representation. The peptide and the surface residues of
esis kit (Stratagene). The following mutants of the PTB the PTB domain in contact with it are lavender. Pl-4,5®Rd
domain were created: K45A, K45Q, K45E, H81A, H81Q, residues contacting it are colored salmon. The plasma membrane
K82A, K82Q, K45E/K82Q, S114Y, and F158V. Mutations is highly schematized. (B) Residues involved in peptide binding.

e : : : Labels of residues mutated in this work are underlined. (C) Residues
were verified by dideoxy sequencing. Native and mutant involved in PIP binding. Labels of residues mutated in this work

proteins were purified as described previousag)( are underlined. The coordinates of the ternary complex, deposited
Circular Dichroism Native and mutant Dabl PTB do- as PDB entry 1INU2, were used to prepare the fig@®).(

mains were dialyzed exhaustively into 10 mM JN&O,

buffer (pH 7.0) containing 150 mM NaCl and 0.2 mM DTT. time of 3 s/nm. The resulting average spectra were baseline-

Far-UV wavelength scans were performed on an AVIV corrected and plotted using KaleidaGraph.

circular dichroism spectropolarimeter in a cell with a path  Isothermal Titration CalorimetryAll ITC measurements

length of 0.1 cm. Each sample was scanned five times from were carried out at 25C with the purified native or mutant

260 to 200 nm at 4C, in 1 nm steps, with a signal averaging Dabl PTB domain protein at a concentration of-Z0 uM
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in 20 mM PIPES buffer (pH 7.0) containing 150 mM NaCl basis for selectivity between Pl-4.58nd PI-3,4,5F as the
and 0.2 mM DTT. A 14-residue synthetic peptide from the preferred binding orientation of the Pl-45Ryand leaves
ApoER?2 cytoplasmic tail (Invitrogen, acetyl- TKSMNFDN- the 3-phosphate position unobstructed (Figure 1). The
PVYRKT-amide) was purified by reversed-phase HPLC and structure thus suggests that the Dabl PTB domain should
dissolved in the identical buffer for these titrations. The be able to bind both PI-4,5Rand PI-3,4,5pP with similar
inositol headgroups of PI-4,5P(Sigma, Echelon Bio-  affinities. To test whether Dabl shows selectivity for PI-
sciences), PI-1,4,5P(Echelon Biosciences), and 145P 4,5B over PI-3,4,5B we also measured the dissociation
(Sigma) were dissolved in the identical buffer. To determine constant for binding of PI-3,4,53By the Dabl PTB domain.
the phosphoinositide concentration, the hydrolyzed inorganic The measured dissociation constant of the PTB domain for
phosphate was quantified by the Ames methd@).(The P1-3,4,5R is 2.0 uM, indicating that Dabl displays little
apparent substoichiometric concentration of Pl-48Buired intrinsic selectivity for PI-4,5pPover PI-3,4,5R(Figure 2C).
to saturate the Dabl PTB domain in Figures 2B and 4B |n the structure of the ternary complex, density for the
(calculatech values of 0.7 and 0.8, respectively) is attributed P|-4 5B ligand suggests that the bound PI-4,%8n adopt
to inaccuracy in the measurement of the PI-4&hcentra-  either of two different orientations in the complex: one that
tion, as the structure clearly indicates the presence of a singleplaces the 1-phosphate in the proximity of Arg76 of the Dab1
unigque PI binding site. To perform the titrations, a stock PTB domain and one in which the Pl molecule has been
solution of ligand was added in 7/ increments to the rotated 180 and the 1-phosphate is no longer in the
solution containing the Dabl PTB domain. To extract the proximity of any PTB domain residue2§). Occupancy
dissociation constant, the enthalpy of binding, and the refinement of the Dabl PTB domain ternary structure
calculated entropy, data were plotted and analyzed with thesuggests a preference of approximately 3 to 1 for the first
Origin, version 5.0. orientation over the secon@g). To examine the influence
NMR Spectrometry*>N HSQC spectra of the Dabl PTB  Of the 1-phosphate on binding affinity, we measured the
domain with and without peptide and PI ligands were dissociation constant of the Dabl PTB domain for inositol
acquired on a Bruker 500 MHz spectrometer equipped with 4.5-bisphosphate (I-4,5F a molecule identical to the PI-
pulsed field gradient units and actively shielded Z-gradients. 4.5P headgroup except that there is no phosphate at the
All spectra were acquired at 2&, using a triple-resonance ~ 1-Position. The dissociation constant for binding of 1-4,5P
cryoprobe and a#N HSQC pulse sequence with gradient 1S 5-31M, approximately 5-fold lower than that for PI-4,5P
water suppression. Data were processed with NmrP8E ( (Figure 2D), showing that only a minor increase in affinity
and analyzed using NmrVievB®). 'H chemical shifts were  results from inclusion of a phosphate group at the 1-position
directly calibrated using-0.3 mM 2,2-dimethyl-2-silapen-  ©Of the inositol ring. This finding is also consistent with the

tane-5-sulfonate (DSS) as an internal stand&Nichemical ~ Prior conclusion that the Dabl PTB domain can bind PI-
shifts were referenced indirectly to DSS. 4,5R, in either orientation, with only a modest preference

for the orientation with higher occupancy in our crystal

Titrations were performed on two identical 500 samples structure 28).

of ~350 uM *N-labeled protein in a 20 mM deuterated ) ] , ]
PIPES/10% BO mixture (pH 6.8) containing 150 mM NaCl. Analysis of Disabled-1 PTB Domain Mutanéss the first

The first titration was carried out by successive additions of S€P in assessing whether the two ligand-binding sites
5, 10, and 25.L of a 10 mM PI-4,5R (Sigma) stock solution function independently, a series of PTB domain mutants were

in a 20 mM PIPES/10% ED mixture containing 150 mM made where a single critical residue of either the Pl binding
NaCl, followed by 25, 25, and 46L additions of a 2.5 mM site or the peptide binding site was mutated. The structural

ApPOER?2 peptide stock in a 20 mM PIPES/10%Mmixture integrity of each of the mutant proteins was verified by a

containing 150 mM NacCl. A second titration was carried far-UV wavelength urculgr d|chrc_)|sm scan, Wh"_:h was
out in the same way except that the order of peptide and compared to that of the native protein. The circular dichroism
PI-4,5R addition was reversed spectra of native Dabl and the point mutants are virtually

superimposable, indicating that none of the mutations
RESULTS drgmatically alter the structure of the unliganded domain
(Figure 3 and data not shown).

Analysis of Natie Disabled-1 PTB Domain and Ligand  Binding of PI-4,5B and of the 14-residue ApoER2 peptide
Interactions.The dissociation constant for binding of a 14- was then assessed for each of these mutants by ITC (Table
residue peptide from the ApoER2 tail to the Dabl PTB 1). For the Pl binding site, three residues were targeted:
domain is 3.0k 0.7 uM, consistent with previously published  Lys45, Lys82, and His81. Lysines 45 and 82 serve as
values for binding of ApoER2 and APP peptides under bridging lysines that coordinate oxygens from both the 4-
slightly different experimental conditions (Figure 228, and 5-position phosphate groups of Pl-4,5Pigure 1);

33). The binding constants of the Dab1l PTB domain for mutation of these residues is predicted to dramatically reduce

various Pls were also determined by ITC (Figure—ZB). binding affinity. In contrast, Histidine 81 only contacts the
The binding affinity of the native PTB domain for PI-45P  5-phosphate, and mutation of this residue is expected to have
the ligand used in the ternary complex crystals, is/aVP a less pronounced effect on binding affinity (Figure 1).
(Figure 2B) under the same conditions. These predictions are indeed borne out in the affinity

It has been suggested that the Dabl PTB domain showsmeasurements, regardless of whether the residues are re-
some selectivity for binding to PI-4,5PRver other phos-  placed with alanine or glutamate. Mutation of Lys45 or
phoinositides33). However, there appears to be no structural Lys82 to either alanine or glutamate abrogates detectable
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Ficure 2: ITC measurements for binding of the wild-type Dab1 PTB domain to various ligands. All titrations were performed ufith 50

PTB domain, to which the ligand was added incrementally (see Experimental Procedures). To calculate the dissociation constant, data were
fitted to a one-site binding model with Origin 5.0. (A) Binding of the PTB domain to the ApoER?2 peptide. (B) Binding of the PTB domain

to PI-4,5R. (C) Binding of the PTB domain to PI-3,4,5RD) Binding of the PTB domain to I-4,5P

binding, and the His81 mutants exhiltip values from 20

to 100 times lower (Table 1).

All of the PI binding site mutants are still able to bind to
the peptide with binding affinities comparable to that of the
native PTB domain. The energetics involved in peptide
binding also remain virtually unchanged; binding is still
largely enthalpy driven, with enthalpy and entropy values

in the same range as those seen for peptide binding by the
native PTB domain (Table 1).

Similar findings hold for the peptide mutants. Two mu-
tations were made: a previously characterized F158V mu-
tation, which has been shown to lead to an approximately
20-fold decrease in peptide affinitydg), and an S114Y
mutation. Serine 114 lies close to the binding pocket for the
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Table 1: Dissociation Constants and Thermodynamics for Binding Molar Ratio
of Disabled-1 Mutants to the ApoER2 Peptide or PI-4,5P
apol4 AH TAS PI45R AH  TAS B Time (min)
binding? (kcal/ (kcal/ binding® (kcal/ (kcal/ -10 0 10 20 30 40 50 60 70 80 90 100110120
protein (uM) mol) mol)  (uM) mol)  mol) L L B B B B B B
native 3.0£0.7 -96 -—-19 1.2 —19.2 —-111 0.0+ r‘(‘( LA
H81A 3.2 -116 —0.4 24 -112 —46 | f W
H81Q 1.6 —-10.8 —2.9 18 —-98 -—-34
K45A 2.3 —-10.1 —-24 >50 o 0.5 7
K45Q 2.9 —-8.1 —-0.6 >350 i J
K45E 2.2 —-10.6 —-2.9 >350 =
K82A 1.4 —-11.0 -3.0 ~200 g_ -1.04 1
K82Q 1.7 —145 —-6.6 >350 ]
K45A/K82A 3.0 —-8.8 —-1.3 >350
K45Q/K82Q 2.7 —-9.3 —-1.7 >350 1.5 1
K45E/K82Q 2.1 —10.2 —-2.5 >350 | .
S114Y >175 12 —244 -163 0 ' ' .
F158Vv 28 06 —18.1 -96 -2+ .
aThe estimated error iKq upon repeated measurement is ap- § 4] b
proximately+25% (standard error of the mean), as assessed by repeated g °7 8
measurement of th€, of the native Dab-1 PTB domain for the ApoER2 £ -8 [ -
peptide. 5 104 n ]
2 12 —
. . . . £ 4l _
peptide tyrosine, and replacement with a bulky aromatic = 1‘;
residue should block peptide binding. Indeed, our ITC £ :13-' Kp=1.0uM
measurements show that the extent of peptide binding of the . . : . -
F158V mutant decreases by approximately 10-fold, while 00 05 10 5
Molar Ratio

binding of the peptide to the S114Y mutant decreases by at
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least 70-fold: more accurate measurement of such weakF/GURE4: ITC measurements for binding of the native Dabl PTB
bindi b d th f detecti fth Tabl domain to one ligand in the presence of saturating concentrations
inding is beyon erange o ? ection ot the assgy_( abl€ of the second ligand. Measurements were performed as described
1). Nevertheless, both mutants bind PI-4,8kth an affinity in the legend of Figure 2. (A) Binding of the PTB domain to the
comparable to that of the native PTB domain, and the ener-ApoER2 peptide in the presence of a 2.5-fold molar excess of PI-

etics remain the same as for the native protein (Table 1).45F (presentin excess of 18@). (B) Binding of the PTB domain
9 P ( ) o PI-4,5B in the presence of a 2.5-fold molar excess of the

Independence of Ligand Binding As Measured by Calo- ApoER2 peptide (present in excess okg).
rimetry. To assess the effect of the presence of one ligand
on binding to the other with the native PTB domain, affinity ~ NMR Titration StudiesTo examine the structural pertur-
constants for the peptide and Pl-4;5fere measured again  bation of the backbone residues that takes place upon binding
in the presence of saturating amounts of the other-site ligand.of peptide and PI ligands, the PTB domain of Dabl was
The presence of the second ligand has little effect on the labeled with'>N for use in solution NMR studiesH—1°N
binding constant for the first ligand, with a less than 2-fold HSQC spectra were recorded for a 38@ sample of°N-
change in the binding constant for either PI-4,6Ppeptide labeled Dabl PTB domain in 20 mM PIPES buffer (pH 6.8)
binding (Figure 4). containing 150 mM NacCl. The spectrum is well-dispersed,
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Ficure 5: Effect of sequential ligand addition on tHé—15N HSQC NMR spectrum of the Disabled-1 PTB domain. Increasing concentrations

of the ligand were titrated into ar350uM sample of thé"*N-labeled Dab1l PTB domain. (A) Superposition of spectra acquired before and

after saturation of the Dab1l PTB domain with the ApoER2 peptide: black for the Dabl PTB domain alone and green for the Dabl PTB
domain after saturation with ApoER2 peptide. (B) Superposition of spectra acquired before and after saturation of the Dabl PTB domain
with PI-4,5R: black for the Dabl PTB domain alone and red for the Dabl PTB domain after saturation with RI{€CHPverlay of

spectra after addition of saturating amounts of both ligands: blue for addition of a saturating concentration of the ApoER2 peptide, followed
by saturation with PI-4,59 and cyan for addition of a saturating concentration of Pl-4,5owed by saturation with the ApoER2

peptide. The order of ligand addition has no effect on the final positions of any peaks. (D) Effect of sequential addition of both ligands on
the chemical shift of selected residues. Examples of peaks that move only in response to peptide binding (top panels), only in response to
P1-4,5R binding (middle panels), or in response to both peptide and PL4ibiEing (bottom panels). Left panels show data for addition

of peptide, followed by addition of PI-4,5PRight panels show data for addition of PI-4,5®llowed by addition of peptide. Peaks are

colored as in panels AC. (E) Plot of normalized chemical shift perturbation as a function of arbitrary peak number. For all of the 146
peaks resolved in the unliganded Dabl HSQC spectrum, each peak was mapped to the closest peak in the spectrum after addition of
peptide, PI-4,5R or both ligands (green, red, and blue bars, respectively). The change in chemical shift induced upon binding of peptide,
PI1-4,5R, or both ligands was then calculated for each dimenstbhand °N). The magnitude of the shift was then normalized to the
maximum for each dimension, and the two values were added to obtain the total normalized perturbation. To create the final plot, peaks
were sorted on the basis of the magnitude of the chemical shift change induced upon peptide binding. The threshold used to define perturbed
residues, denoted by a black horizontal line, was set at a normalized value of 0.2.

and 146 backbone peaks could be readily distinguished.causes movement of 58 peaks (Figure 5A), while addition
Increasing concentrations of either the peptide ligand or PI- of PI-4,5B moves a smaller set of 33 peaks (Figure 5B).

4,5B were then added, and the influence of the ligand on  To determine whether the final structure of the ternary
the spectrum was examined. Addition of the peptide ligand complex is independent of the order of addition of the two
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ligands, the second ligand was then titrated into a samplewidespread, structural data exist for only two additional
already containing saturating amounts of the first ligand, and intracellular domains thus far: the Pex13p SH3 domaé) (
the effect on the spectrum was observed. The order of and the SAP SH2 domaiT). Pex13p is a membrane-bound
addition of the ligands has no effect on the final position of protein that functions as a scaffold for the PTS1 receptor
any peaks, and the final spectra are superimposable (Figurecomplex, and has been shown to bind to both the Pex5p and
5C). The vast majority of peaks arrive at their final positions Pex14p proteins through its SH3 domaB8{40). Recent
after addition of either one ligand or the other, with only work by Wilmanns and colleagues has shown that while
five peaks exhibiting significant perturbations from both Pex14p exhibits canonical binding to the Pex13p SH3
ligands (Figure 5D,E). domain, Pex5p binds to the opposite surface of the SH3
domain through an induced-helical conformation. NMR
DISCUSSION titration analysis of the two binding sites in Pex13p also
Recently published crystal structures showing the Dab1 reveals that each site is able to bind ligand with a similar
PTB domain bound to two ligands have allowed a more affinity whether the other ligand is preser3g.
detailed analysis of how this remarkable dual-ligand binding The SAP SH2 domain has also been shown to interact
domain functions. Our biophysical analysis of the Dabl PTB with two different proteins to form a ternary complex: the
domain shows that the binding of each of its two ligands is SH3 domain of Fyn kinase as well as the cytoplasmic tail
energetically independent of the other. Rather than using anof the SLAM receptor. The ternary structure shows a novel
allosteric mechanism, the Dab1 PTB domain appears to servecharged surfacesurface interaction between the SAP SH2
as a scaffold with two independent binding sites ready to domain and the Fyn SH3 domain that partially blocks the
accept either ligand without a preferred order of ligand PxxP binding site on the Fyn SH3 domain, which may serve
binding. to prevent autoinhibition of Fyn3{). Since these two
The observed independence of the two binding sites is interactions involve independent surfaces on the SAP SH2
noteworthy when one considers that peptide binding to domain, it seems likely that these two sites also function
certain PTB domains seems to occur through an induced fitindependently, although the energetics of binding of the SAP
mechanism. A recent study investigating the coupling of SH2 domain to its two ligands has not been analyzed in
folding and ligand binding in the Shc PTB domain shows detail.
that the peptide binding pocket of the Shc PTB domain is In contrast to the site independence of the Dabl PTB
highly disordered in the absence of its peptide ligadd).( domain and the Pex13p SH3 domain, there is evidence that
Upon peptide binding, the binding groove becomes fully the PX domain of p4h°Xis able to bind to two lipid ligands
constructed. The changeslid—>N HSQC chemical shifts ~ and does so in an allosteric mannéd); SPR analysis of
observed upon addition of the peptide ligand to the Dabl the binding of the p4* domain to one of its two lipid
PTB domain suggest that, like Shc, this PTB domain also ligands, PI-3,4F, indicates that binding is strengthened by
undergoes more significant rearrangements upon peptide63-fold in the presence of the second lipid ligand, phospha-
binding, with movements occurring in more than 50 residues tidic acid. Since these two lipid binding sites are thought to
(Figure 5A). Since docking into the peptide binding groove be adjacent, it is possible the proximity of the two sites
requires contacts with several backbone amides and carbonecessitates such an allosteric effect. In the case of the Dab1
nyls, it is not surprising that binding of the peptide in the PTB domain and the Pex13p SH3 domain, the two binding
groove propagates beyond the binding site. The degree ofsites are located on opposite faces of the domain, and
induced fit upon peptide binding must vary among different therefore, any allosteric effect would have to be transmitted
PTB domains, as the IRS-1 and Dab2 PTB domains both over a distance of 2530 A.
crystallized in their apo forms; these structures show only  While the SAP SH2 domain, Pex13p SH3 domain, and
small differences when compared to the liganded domainsDabl PTB domain all share the ability to bind to two ligands,
(29, 35). the types of binding modes they use to do so differ. The
In contrast to peptide binding, PI binding is mediated SAP SH2 domain and Pex13p SH3 domain each have one
through electrostatic side chain interactions, and thus, Plcanonical binding site as well as a second noncanonical
binding affects a much smaller number of residues within binding site. In contrast, the Dab1 PTB domain exhibits two
the Dabl PTB domain. While peptide binding may be canonical binding sites: one peptide binding site that follows
accompanied by locking of several strands offk&andwich, the conventional PTB domain binding mode and one PI
or clamping of the C-terminadi-helix, Pl binding simply binding site that is commonly seen in PH domains. In
locks the side chain conformations of a group of solvent- addition, close homologues of the Dab1 PTB domain present
exposed residues around the highly charged phosphatén the Dab2 and ARH proteins also bind both peptide and
groups. It is clear that the PI binding patch is intact even in Pl ligands 22, 23, 42, 43). The Dab2 structure and an ARH
the unliganded Dab1 PTB domain, with any disorder centered homology model show an electrostatic charge distribution
primarily around the peptide binding groove, as order of similar to that of Dab1l, indicating Pl binding most likely
ligand addition has no effect on either peptide or Pl affinity occurs at the same site in these PTB dom&28sZ9). Thus,
for the PTB domain. Thus, the smaller, more segregated Plwhile the SAP SH2 domain and Pex13p SH3 domain may
binding site is unaffected by local disorder elsewhere in the be exceptional examples that have unique features leading
molecule, and both binding functions are preserved evento noncanonical binding of a second ligand, the Dabl PTB
when the protein’s backbone structure is not completely domain is a prototype for a class of hybrid P¥BH
locked in its peptide-bound conformation. domains.
Although the phenomenon of intracellular dual-ligand  Similar biophysical studies of cytokirgeceptor com-
binding domains such as the Dab1 PTB domain may be moreplexes, in which calorimetry has been used to examine site
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independence, have shown that in some complexes the two 5. Sparks, A. B., Rider, J. E., Hoffmann, N. G., Fowlkes, D. M.,

binding sites function independently, such as in the-LIF
LIF receptor-gp130 complex44). In other cases, like the
IL-6 —IL-6 receptor-gp130 complex, the cytokine must first
bind to its specific receptor before achieving a sufficiently
high affinity to associate with gp13@5%).

Although our biophysical studies demonstrate energetic
independence of the two ligand binding sites on the Dabl
PTB domain, there may well be functional synergy between
peptide and PI bindinm vivo. We postulate that Pl binding
by the Dab1l PTB domain may serve as a general mechanism
for recruiting Dabl to the plasma membrane rather than as

a response to lipid second messengers produced by PI3 9

kinase. These studies, which show that the Dab1 PTB domain
binds to phosphoinositide headgroups through an enthalpi-
cally driven mechanism with &p in the low micromolar
range, and with little selectivity for Pl-4,5Pversus PI-
3,4,5R, are fully consistent with this proposal. In further
support of this hypothesis, fractionation of primary neurons
indicates that Dabl is constitutively associated with the
membrane 46). Thus, binding of PI-4,5Pby the PTB
domain should increase the effective concentration of Dab1l
at the membrane, placing it in the neighborhood of the
ApoER2 C-terminal tail and facilitating association of the
two proteins.

With the PTB domain mutants characterized here, it should
now be possible to separate the biological roles of peptide
and PI binding. Peptide binding mutants ought to be properly
localized, but be inactive in signaling, whereas mutants that
do not bind PI should neither be localized to the plasma
membrane nor transduce signals if membrane recruitment
is indeed required for signaling. Finally, if the only functional
role for Pl binding is to recruit Dabl to the membrane, it
may be possible functionally to replace the PI binding site
on the Dabl PTB domain with a myristoylation site or other
localization sequence, thus underscoring the role of PI
binding for proper localization. Study of our panel of Dabl
mutants, for example, in primary neurons or mouse models,
should establish whether phosphoinositide binding by the
PTB domain is required for Dab1 functi@m vivo, and these
studies are in progress (P. C. Stolt, H. Bock, S. C. Blacklow,
and J. Herz, unpublished work).
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