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ABSTRACT. The recently described EH domain recognizes proteins containing Asn-Pro-Phe (NPF) sequences.
Using nuclear magnetic resonance (NMR) data, we determined the solution structure of the EH domain
from the Repsl protein and characterized its binding to linear and cyclic peptides derived from a novel
targeting protein. The structure calculation included 1143 distance restraints and 122 angle restraints and
resulted in structures with a root-mean-square deviation of €:40.05 A for backbone atoms of
superimposed secondary structural elements. The structure comprises tweldaixhelix motifs
characteristic of EF-hand domains. Titration data with NPF-containing peptides showed evidence of
intermediate exchange on the NMR chemical shift time scale, which required an analysis that includes
curve fitting to obtain accurate equilibrium constants and dissociation rate constants. The cyclic and linear
peptides bound with similar affinitiedk¢ = 65 + 17 and 46+ 14 uM, respectively) and to the same
hydrophobic pocket formed between helices B and C. The cyclic peptide formed a complex that dissociated
more slowly ko = 440+ 110 s1) than the linear peptideds = 1800+ 250 s1), but had little change

in affinity because of the slower rate of association of the cyclic peptide. In addition, we characterized
binding to a peptide containing a DPF sequer€ge=£€ 0.5+ 0.2 mM). The characterization of binding
between the Reps1 EH domain and its target proteins provides information about their role in endocytosis.

Protein recognition modules often mediate the assembly for CDC42 and Rac GTPas&®)(GTP-Ral proteins also bind
of macromolecular complexes. The Eps15 homology {EH) to RalBP1. The Ral proteins can be activated by R8s (
domain was first recognized as a segment repeated threeand are also implicated in endocytosis even though they do
times within the sequence of the Eps15 protein, a substratenot contain EH domains4j. The Reps1 protein is tyrosine
for phosphorylation by the EGF receptd).(Subsequently,  phosphorylated in response to EGF receptor stimulagpn (
the EH domain has been identified in a large and growing In addition, Repsl has the capacity to form complexes with
number of proteins ranging in organisms from yeast to the SH3 domains of adapter proteins Crk and Grb2, which
humans. The majority of the EH domain-containing proteins may link Reps1 to an EGF-responsive tyrosine kinase. Repsl

are involved in endocytosis or vesicle transp@jt The EH may thus coordinate the cellular actions of activated EGF
domain comprises approximately 100 amino acid residuesreceptors and Ral-GTPases.
and contains two EF-hand motifS)(and a C-terminal The exact role of Repsl in endocytosis is not known,

proline-rich region ). Most EH domains mediate their although more is understood about a closely related but
functions through binding other proteins that contain the tri- distinct protein, POB1. POB1 contains similar protein
amino acid residue Asn-Pro-Phe (NPF) sequence. Althoughdomains arranged in a similar ord@),(but it is different in
many target proteins contain multiple NPF sequences, EH that the full-length protein is nearly 200 amino acids shorter.
domains have also been implicated in binding the Asp-Pro- The amino acid sequences of the EH domains are 74%
Phe (DPF) sequencd,(5). identical. The EH domain of POB1 binds directly to Epsin,
Repsl, a protein containing a single EH domain, was a protein bearing several NPF sequen&sRalBP1, POB1,
recently identified by yeast two-hybrid experiments as a Epsin, and Eps15 form a complex wittadaptin of AP-2
binding partner of RalBP1, a downstream target protein of in Chinese hamster ovary cells that is dissociated by
the Ral GTPase. RalBP1 is also a GTPase-activating proteinphosphorylation of the first four componeng.(In particu-
lar, phosphorylation of Epsin arrests receptor-mediated
T Supported by Research Project Grant 00-087-01-GMC from the endocytosis during mi'_[osis_by disassembly of its complex
American Cancer Society (J.D.B.) and Grant RO1 GM47717 from the With POB1 andx-adaptin. It is not yet clear how Reps1 and
National Institutes of Health (L.A.F.). POBL1 differ biochemically; however, their distinct EH

* Atomic coordinates have been deposited with the Research Col- ; ; ; ; ;
laboratory for Structural Bioinformatics Protein Data Bank (entry 1FI6). domains present the potential for multiple signals emanating
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Abbreviations: EH, Eps15 homology; GST, glutathidd&ans- ~ the EH domain from POB110). The backbone atoms of
ferase; HSQC, heteronuclear single-quantum coherence; NMR, nuclear . .
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spectroscopy; rms, root-mean-square. 0.76 + 0.49 A, but little information is known about the
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conformation of its C-terminal proline-rich region. Higher- nuclear NMR spectroscopy. Methods are presented for
resolution structures have been obtained for the first EH analyzing titration data in the presence of intermediate
(EH;) domain of murine Eps151Q) and for the second and exchange on the NMR chemical shift time scale. The site of
third EH (EH, and EH) domains of human Eps15 with rms  interaction on the EH domain for NPF-bearing amino acid
deviations of superimposed secondary elements of 0.59, 0.26sequences was determined, as well as the on and off rates
and 0.33 A, respectivelyl@, 13). These structures each and equilibrium affinity constants for complex formation.
comprise two helixloop—helix motifs characteristic of

calcium-binding EF-hand domains. Sequence analysis indi- MATERIALS AND METHODS

cates that not all the EF-hands are capable of binding calcium
because of mutations of the calcium-liganding residues in
the loop. The Epsl5 EHdomain, for example, binds no
calcium with appreciable affinityl(), whereas the second
Eps15 EH domain has been shown to bind a single calcium
using the second EF-hantld). The second EF-hand calcium
binding motifs of the POB1 and Repsl EH domains eac
have the conserved residues needed for calcium binding in

the second EF-hand, but the first EF-hand does not, indicatinggous. prqtein, Intersectin, more tightly bind a cyclic pept[de
that only one calcium ion can be bound. The sequences ofthan its linear counterpar§) and that the Reps1 EH domain

the Eps15 EH domains are 288% identical with that of was pbserved to bind b.oth linear and cyclic NPF-containing
either the POB1 or Repsl1 EH domain. All these EH domains p_ept|des (v. Yamabha| and B. Kay, personal communica-
have been shown to interact with NPF-containing peptides. t|on_). The cyclic pe_pt|gle, EYECNPFTAKC (NPFCVC)’ was
NMR spectroscopy is a powerful tool for understanding de5|gneq by SUbS.t'tUt.'ng Send Phé! .Of thelllnear peppde
many different aspects of proteitigand interactions, rang- by cysteines for disulfide bond formation. Since the oxidized,
ing from structural information about the proteitigand disulfide cross-linked peptide was predicted to be insoluble,

complex to dynamic, kinetic, and thermodynamic aspects of an additional charged Glu residue from the Repsl target

ligand binding. The method provides an approach to iden- protte_(ijn sequence _f\_lv?jsbinlcgluded or; tf;]e N-Le_rnk;linusf. Al
tifying the amino acid residues that constitute the protein PEPUCIES WETE puriied Dy fg réversed-phase high-perior-

interaction site by monitoring differential line broadening mance liquid chromatography (HPLC), and identities were

(14) and chemical shift changes #N—H HSQC spectra confirmed using matrix-assisted laser desorption ionization
(15) upon ligand binding. (MALDI) mass spe.ctrometry. N .

The effect of binding on the appearance of the NMR Sample Prepa_rat_mrPerde_ute_zrated dlthlothre|tql (DTab),
resonances is determined by the relationship between theP20 (99%), and imidazole (imidazalg were obtained from
exchange rate constark, for the interconversion of the ~Cambridge Isotope Laboratories (Andover, MA). The EH
bound and free states and the corresponding difference indomain (residues 227318) from the Reps1 proteidg) was
resonance frequenciedd. At substoichiometric ratios of ~ €xpressed with a five-amino acid N-terminal extension
peptide to protein under conditions of slow exchange where derived from the cloning vector and purified as described
k < A9, distinct signals are observed for each of the two Previously @0). The sequence is renumbered as residues
states of the protein. If the exchange between the bound andt—97- A human DNA sequence (GenBank accession number
free states is fast (i.ek > AJ), a single resonance is A121384) predicts an EH domaln of identical sequence.
observed at the population-weighted average chemical shiftSa@mples included 1-61.5 mM protein, 10 mM NaCl, 2 mM
of the nuclei in two states. When the exchange between theCaCk, 0.01% NaN, 10 mM imidazole, at pH 6.7+ 0.1,
bound and free ligand states (or between different bound @1d 5 MM DTy, (éxcept for ones containing the cyclic
forms of the ligand) is in the intermediate exchange regime PePtide). Samples were stable for at least 10 days 4€30
(k ~ A9), there is substantial line broadening. Typically, @nd several months at%C. Stock peptide solutions were
the observable changes of frequencies upon binding are ont0 MM in the same buffer. Concentrations were determined
the order of 0.021 ppm (i.e., 16-500 Hz for'H resonances ~ PY UV spectroscopyal).
at a field strength of 500 MHz). The presence of broadening  Structure DeterminationNMR resonance assignments
thus indicates that there are dynamic processes occurring wittwere obtained using homonuclear and heteronuclear muiti-
lifetimes of roughly 2-100 ms. Under conditions of inter- ~ dimensional spectra collected on Bruker AMX-500 and
mediate exchange, the peak position may no longer ac-Avance-600 NMR spectrometer2(). Stereospecific assign-
curately reflect the weighted average between free and boundnents for the methyl groups of Val and Leu residues were
forms of the protein 16). A full analysis of the effects of obtained through analysis of a two-dimensional constant time
intermediate exchange often results in determination of not (CT) *H—*%C HSQC spectrum acquired on a 16%-labeled
only the equilibrium dissociation constant but also the rate Sample. Geming$ protons (43 of 73) were also stereospe-
of association. The rate of association of the EH domain with cifically assigned Z0).
its target peptide may be controlled by random collisions  NOE cross-peak intensities were determined from homo-
governed by the rate of diffusion. On the other hand, a slower nuclear two-dimensional and heteronuclear three-dimensional
rate of complex assembly signifies that conformational (**N-separated antC-separated) NOESY spectra collected
changes are required by the protein to bind its NPF targetusing mixing times of 80 and 150 ms. NOE cross-peak
peptide or by the peptide to bind to the protelrr) intensities were designated strong, medium, or weak, and

To characterize the properties of the Reps1 EH domain, given upper bounds of 3.0, 4.0, and 5.0 A and lower bounds
we determined its structure by multidimensional hetero- of 1.7, 2.7, and 3.7 A, respectively. Pseudoatom corrections

Peptide SynthesisA peptide containing the target NPF
sequence of the EH domain, Ac-YENPFTAKF-NH;
(NPFi,), was synthesized as well as two homologous
peptides, YESDPFTAKF and YESTNPYTAKEF, that con-
tain site-specific mutations relative to the paré®PF,

h peptide. We also synthesized a cyclic versiorNgfF;, on
the basis of observations that EH domains from the homolo-
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were added to the upper bounds for degenerate methyl,with peptide is given by

methylene, and aromatic ring protons. When necessary, 0.5

A was added to correct for spin diffusion or for overlapping AS = [PL] _
=-5(0p — %)

resonances2@). P,

Backbone dihedral angle) restraints were measured from

the splitting of amide cross-peaks in &1—N HSQC After substitution of eq 4 into eq 5, the titration data were

spectrum that was resolution enhanced by multiplication with fitted by adjustingKy anddp — s using a Microsoft Excel

a squared sine bell window function shifted by°3and spreadsheet program and by monitoring the sum of the

applied over 4K points in the proton dimension. The squared differencegq) between the calculated chemical shift

backbone torsion angk was restrained te-58 + 15° for and the observed. The titration data were fitted independently

3June values of<5.5 Hz and to-120+ 20° for 3June Values using CRVFIT (a nonlinear least-squares fitting program

of >9.5 Hz. y; angles were obtained from a three- obtained from R. Boyko and B. D. Sykes).

dimensional HNHB experiment and, where applicable, from A dissociation rate constank.§) can be estimated from

a comparison of the &—Hf coupling constants®J,s) and the line broadening due to chemical exchange. The observed

the Ho—Hp and H3—HN NOE intensities. line width in radians per second at half-height of the

The initial structure calculation included 1143 distance resonanceAuvqs IS given by

restraints (362 intraresidue, 353 sequential, 164 medium-

range, and 264 long-range), ¢angle restraints, and 52 Av g = fi(AV)) + f(Avy) + .2 (AS)(z, + 1) (6)

angle restraints. Eighty structures were calculated usihg

summation in a restrained molecular dynamics simulated whereAv; and Avy, are the line widths at half-height of the

annealing protocol within the X-PLOR 3.84 software package free and bound protein, respectivelyy is the chemical shift

(23) using the PROLSQ force fiel@4). The final calculation difference between bound and unbound forms, arehdty,

included six distance restraints between the calcium andare the lifetimes of the free and bound forms, respectively

coordinating oxygen atoms based on average distances in(27). Since the populations are related to the lifetimes by

the high-resolution crystal structures of EF-hand protedbs (

26). Their inclusion did not significantly perturb the structure f = 7/(7; + 7,) andf, = 7/(z; + 7)) (1)

of the protein backbone or violate the many NOE cross- ) )

peaks involving residues in the loop region. Forty structures Equation 6 can be written as

were identified with NOE violations 0£0.2 A and dihedral

(5)

violations of <5 A, and the 30 with the lowest overall NOE Avgps= fi(Avy) + f(Avy) + {7 (A0) 1y (8)
violations were further analyzed. Coordinates have been ) ) o
deposited in the Protein Data Bank as entry 1FI6. wherek. is the dissociation rate constart]/z,). The data

NPF Peptide Titration The uniformly 1*N-labeled EH  Wwere fitted by adjusting\uv, Avp, ke, ando, — o using a
domain (0.6 mM) was titrated with peptides from 10 mM Microsoft Excel spreadsheet program and by monitoring the
stocks.'H—15N HSQC spectra were collected at peptide: Sum of the squared differenceg’) between the calculated
protein molar ratios of 0, 0.25, 0.5, 0.75, 0.85, 0.95, 1.0, line width and the observed.

1.1, 1.25, 1.5, and 2.0. Titration Analysis with Consideration of All Exchange
Titration Analysis in Fast Exchang®©ne to one binding ~ Regimesin the intermediate exchange region, the line shape
of protein, P, and peptide, L, to form a proteipeptide is complicated and there is no simple expression such as eq
complex, PL, can be expressed as 5 to calculate the observed position of the chemical shift
(16). However, calculating line shapes explicitly allows the
[P] + [L] = [PL] Q) simulation of the signal amplitude as a function of frequency

_ : _ . . for a particular ligand concentration for all exchange regimes
The equilibrium dissociation constandy, for this reaction (16, 28). The function outlined by Nakagawal§, 28)
IS simulates each line shape based on the param&fersdy,
_ _ the line width at half-heigh.s, andfy,, and gives the relative
Ky = kK., = ([P]IL])/[PL 2 ) o ) "
o = Karkon = (PILI/IPL] ) intensity with respect to the signal position between the free
WhereP, = [P] + [PL] andL, = [L] + [PL], Kq and [PL] and bound states. The fraction boufigl,can be calculated

can be calculated from from the Ky with egs 3 and 4. To simulate a binding curve,
the frequency of maximal signal amplitude was determined
Kq= (P, — [PL])(L, — [PL])/[PL] 3) for each titration point using a Microsoft Excel spreadsheet

(29). Although line widths were experimentally determined
[PL] =Y{L, + P, + Ky — [(L, + Py + Kp)* — and varied from 25 to 50 Hz, the resultant maximum peak
ALP] 1/2} (4) position was insensitive to this parameter. The experimental

binding data were fitted by adjustindy, — 0+, Kor, and Ky

If the product of the lifetime of the bound species,and ~ @nd by monitoring the sum of the squared differengé (
the difference in chemical shift between free and bousd ( between the calculated chemical shift and the observed.
— 05) is much less than 1, thehy,s = O + Opfp, Whereds RESULTS

is the chemical shift of the unbound speciés,is that of
the bound species, aridandf, are the fractions bound and Structure DescriptionThe solution structure of the Reps1
unbound, respectivelyi;(+ f, = 1). The observed change in EH domain was determined using high-resolution multidi-
chemical shift during the titration of the free EH domain mensional heteronuclear NMR spectroscopy following es-
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Ficure 1: Stereo representation of 20 superimposed Repsl EH domain structures. The four helices of the domain, shown in red, are
labeled A-D. Residues that constitute tifiesheet are shown in black, whereas connecting elements are in green and less well-ordered
residues in blue. The rms deviation from the mean for backbone atoms of superimposed secondary structural elements @a%50340

Table 1: Structure Statistics for the Reps1l EH Dorhain
Structure Generation
dihedral angle

distance restraints restraints
intraresidue NOHEs 362 1) 70
interresidue NOEs 353 x1 52
medium-range NOEs 164
long-range NOEs 264
calcium ligation 6

Ramachandran Analysis
most favorable region 78.8 generously 1.2
allowed region

additionally allowed region 20.0 disallowed region 0.0

Average Energies (kcal/mol)
Etotal —8504+ 50 Edihedral
Enoe 205

3+05

Restraint Violations
largest NOE violation/ largest angle violation/
structure< 0.2 A structure< 5°

rmsd from Idealized Geometry

bonds (A) 0.003t 0.0001 angles (deg) 0.450.01
improper angles (deg)  0.360.02
Atomic rmsd (AY
backbone all heavy atoms

secondary structure elemehts 0.40+ 0.05 0.9+ 0.1

Ficure 2: Ribbon diagram of the Repsl EH domain structure.
Secondary structural elements include fodhnelices, in graydA,
Aspt®—Phe? aB, Gly33—Thr*}; aC, LelP’—SeP’; andaD, AspP8—
Arg®9), and a short antiparall@-sheet, in black (GRP—Ile3! and
Alaf*—Thr®%). The bound calcium ion is shown as a space-filling
representation. The image was created using INSIGHT II (Molec-
ular Simulations, Inc.).

tively. Two short strands of three residues each {Gljle3!

and Al&#4—Thr®®) form a small antiparallgs-sheet. The two
loops of the EF-hand substructures associate through main
chain hydrogen bonds and side chain interactions between
residues Il&t and Lel® in the 5-sheet region (Figure 2). The
first helix (oA) lies roughly perpendicular to the other three

a All statistics are reported as averages for the 30 structures with helices (with angles of 117.¢ 3.6°, —106.8+ 4.2, and

the lowest NOE violation energiesMedium-range NOEs are between

114.3 + 3.7, respectively) and contacts primarily the

residues separated by two to four residues, and long-range NOEs arecentrally located fourth helixoD). The seconddB) and

between residues separated by five or more residue®lines and

glycines are not included.The average root-mean-square deviations

for the final 30 structures from the average struct@iResidues 12
22, 29-41, 50-57, and 64-80.

tablished protocols 30). The large number of distance

fourth helices are nearly parallet-28 &+ 3.2°), whereas the
third helix (C) is slightly tilted relative to helices B and D
(128 £+ 2.9* and 138.5+ 3.3, respectively). The structure
of the proline-rich C-terminal region is interesting because
this region is known to be required for NPF peptide binding

restraints (1143) and dihedral restraints (122) yielded well- (27). Although the resolution of this region is lower than
defined solution structures with a root-mean-square (rms) for the helical portion of the domain (Figure 1), the proline-

deviation in secondary structure elements of G+40.05 A
for the backbone atoms and Gt90.1 A for all heavy atoms

(Table 1). A total of 78.8% of the residues were in the most

rich element clearly zigzags over theC andoD helices,
thus juxtaposing the N- and C-termini (Figure 2).
The primary sequence data imply that the Repsl EH

favored region of the Ramachandran plot, 20% in the domain has one calcium-binding site in the second helix
additionally allowed region, 1.2% in the generously allowed loop—helix motif (Asp®, Asp®®, Asp? Ala®, Thr®6, and

region, and 0% in the disallowed regiodlj. Superimposi-

GIu89). The presence of a bound calcium ion was evidenced

tion of the ensemble of structures on the structure with the by the unusual chemical shift of the Ghamide proton at

lowest NOE violation energy reveals two hetfiloop—helix
motifs (Figure 1). HelicestA—aD span residues Asp-
Phe?, Gly**—Thr*, LelP’—Sep’, and Asj®—Arg®, respec-

10.66 ppm. The downfield chemical shift of the amide proton
of glycine, which is in the middle of the calcium-binding
motif, is a well-known signature for calcium binding in EF-
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FiGURe 3: Superimposeé’N—'H HSQC spectra of the Repsl EH  Ficure 4: Histogram depicting the change’fiN and*H chemical
domain with O (black) and 1 equiv (red) of thPF.,c peptide (Ac- shifts of the backbone amide resonances of the Reps1 EH domain

EYECTNPFTAKC-NH). The 500 MHz spectra were collected at  upon addition of 1 equiv oRPF¢.. The chemical shift difference
30 °C on samples containing approximately 0.6 mM EH domain. (parts per million) was calculated from the absolute value of the

change in théH chemical shift plus 0.2 times the absolute value
hands 82). The structures were consistent with a single cal- of the change in théN chemical shift.

cium ion bound to the expected region using a standard cal-
cium ion binding geometry (see Materials and Metho@8).( indicating the peptides interact with the same residues of
Identification of the NPF-Binding Pockdilsing the yeast  the EH domain. At saturation, the resonances of the complex
two-hybrid system, a new Repsl target protein has beenwith NPF.generally shifted more~60%) and were better
identified that contains three NPF sequences (D. N. Cullis resolved than the complex withPF;,. Lys®’, Phe®, Lelf’,
and L. A. Feig, unpublished experiments). A survey of the SeP?, His®?, Trp*, GIu®®, and Asp® had the largest changes
target proteins of EH domains reveals that only the core NPF and, in accordance with eq 8, showed exchange broadening
is conservedZ7). Few preferences are noted for amino acids during titration and became sharper when approaching the
adjacent to NPF except that negatively charged residues arel:1 peptide:protein ratio (i.ef, ~ 1). Phé® was also likely
never found, and that a serine or threonine residue sometimego have large chemical shift differences upon binding NPF-
precedes NPF. Since the first and third NPF sequences ofcontaining peptides as its HSQC cross-peak disappeared upon
the Reps1 target protein contain adjacent negatively chargedpeptide addition and did not reappear even at higher peptide:
residues, but the second NPF motif does not, and becauserotein ratios presumably because of another exchange
the second NPF motif has the semiconserved S or T residuebroadening mechanism. PRés located at the end of helix
preceding the NPF sequence, but the first and third NPF B, and its amide hydrogen forms a hydrogen bond with the
sequences do not, we synthesized the peptide YEST-carbonyl of Al&®.
NPFTAKF (NPF;,) corresponding to the second NPF motif The chemical shift changes of the EH domain upon
(27). To understand the molecular specificity of the Reps1 addition ofNPF are mapped onto the tertiary structure of
EH domain, we also synthesized two 11-residue peptidesthe EH domain (Figure 5A). NPF peptide binding predomi-
(DPF andNPY) with single-amino acid replacements relative nantly affected residues in the second and third heliced®Phe
to NPF;, as described in Materials and Methods. Leu®’, SeP!, and Trj3* are found at the base of a hydrophobic
Yamabhai et al. 18) observe that for the Intersectin EH pocket formed from residues from these two helices. Other
domain cyclic NPF-containing peptides show a higher conserved, mostly hydrophobic residues, *hHie*’, and
affinity than their linear counterparts, possibly by stabilizing Leu®, line the pocket. The calcium binding residues dominate
a turn conformation commonly observed in asparagine- an electronegative patch adjacent to the NPF binding site
proline dipeptides within proteins. In addition, tkg for (Figure 5B). Comparison of the electrostatic potential map
the second EH domain of Eps15 for the linear sequenceand the convexconcave map (Figure 5C) shows that the
(PTGSSSTNPFL) from the RAB proteitNPFrag) is 560 hydrophobic binding pocket is bracketed on the left by a
+ 40 uM (12), whereas a cyclic version (SSDCTNPFR- positive charge contributed by L¥sand on the right by a
SCWRS) shows a much greater affinitgq(= 12 + 2 uM) negative charge from Gt These residues partially occlude
(34). Because of these observations, we also synthesized access to the binding site. The backbone amide groups of
cyclic peptide NPFy, in which Sef and Phé" of the linear these residues showed significant chemical shift differences
peptide were replaced with cysteines, which readily formed (>0.2 ppm in*H or 2 ppm in?*N) upon peptide binding,

a disulfide bond. suggesting that they change conformation and thus form a
We titratedNPF. into the N-labeled EH domain and  gate over the binding site.
monitored progressive changesidfand'>N resonances with Fast Exchange Binding Analysi&nalysis of progressive

a series of'®N HSQC spectra (Figure 3). The observed changes in chemical shifts as peptide was added indicated
chemical shift differences are shown for each residue in 1:1 binding (Figure 6A). Substantial line broadening at
Figure 4. A separate titration witNPF;, showed the same  substoichiometric peptide:protein ratios (Figure 6B) sug-
pattern of chemical shift changes as that observeMRif.c, gested that the dissociation of the complex occurred with a
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Ficure 5: NPF-binding surface of the Repsl EH domain. (A) A molecular surface model showing the NPF binding site. NMR chemical
shift changes of the backbone amide group are represented by green surfaces for changes larger than 0.2 ppm and yellow surfaces for
changes larger than 0.15 ppm. Residues that exhibit significant shifts are identified by residue number. Residue numbers for residues that
do not shift upon addition of a DPF-containing peptide are shown in black. Residue 40 (blue) disappears on binding the NPF-containing
peptides and broadens substantially with an NPY-containing peptide. (B) A model showing electrostatic potentials for surface residues. The
potential is blue for basic residues and red for acidic residues. Residues that exhibit significant changes in chemical shift on adding NPF-
containing peptides or that ligand the calcium ion are indicated by residue number. (C) A model showing the surface topology of the EH
domain. Surfaces are depicted with green for convex surfaces and gray for concave. The largest hydrophobic binding pocket is centered on
Trp°*. Molecular surfaces were generated with GRASB).(
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Ficure 6: Binding analysis of the interaction of the EH domain with NPF-containing peptides. The chemical shift changes and line width
perturbations caused by the bindinghPF.,c andNPF;, peptides were analyzed using an assumption of fast exchang€)(And using

a simulation method, including effects of intermediate exchange (D). (A) Change in chemical shift i tgonance of the side chain

of Trp®* during titration by theNPF;, peptide. The line drawn through the points was calculated with an equilibrium dissociation constant
(Kq) of 28 uM. (B) Change in théH resonance of T during titration by theNPF., peptide. The line drawn through the points was
calculated with an equilibrium dissociation constafy)(of 27 uM. (C) Line width changes for TR [(O0) NPF.,. peptide and®) NPF;,
peptide]. The calculated line was drawn using a dissociation rate con@ndf{(700 s for the NPF peptide titration and 1800 for

the NPF;, peptide. (D) Titration with th&PF.,. peptide for the side chain of Trpwith the line drawn calculated withl&y of 43 M and

a ko of 430 s,

lifetime approaching the frequency difference between the The linear peptides were relatively easy to analyze
free and bound protein and therefore the presence ofassuming only fast exchange. FdPF;,, several resonances
intermediate exchange. In practice, the assumption of fastcould be followed throughout the titration that gave an
exchange is usually made to facilitate the analysis for casesaverageKy of 46 + 14 uM (see the Supporting Information).
between fast and intermediate exchange since there is ndlrhe data extracted for the titration following thé resonance
simple test to establish whether the fast exchange conditionof the side chain of Tr{4 in the bottom of the binding pocket
is completely fulfilled 6). Therefore, equilibrium dissocia-  show a fit with aKy of 28 + 17 uM (Figure 6A). ForDPF,

tion constantsKq) were initially estimated from a simple  the averag&ywas 530+ 210uM, and forNPY, the average
plots of Ad versus the ratio of peptide to protein concentra- Kq was 1080+ 320 uM. For the cyclic peptide, however,
tion (Figure 6). experimental binding curves for all residues showed signifi-
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cant sigmoid character, i.e., a systematic deviation from the binding stoichiometries could influence the binding curve.
hyperbolic curves calculated in the fast exchange limit. The For example, the complex may show two states that are in
fits for NPF.yc were poor withKq values averaging 151M conformational exchange39). Alternatively, the peptide
with a large standard deviation:(41 uM). For example, could first fill a limited number of tight binding sites on the
for the 'H resonance of the side chain of Pfpthe best fit glass wall of the NMR tube. However, we have shown that
was obtained with &y of 27 + 32 uM (Figure 6B). It is the off rates are such that intermediate exchange is altering
interesting to note that thd shift for Trp>* was larger for the change in chemical shift such that the change no longer
NPFi, (0.35+ 0.02 ppm) than foNPFy. (0.29 + 0.03 is linearly related to the fraction bount)( With consider-
ppm). The™N shift for this residue followed the usual pattern ation of intermediate exchange, the data can be fit to within
of being~60% larger forNPF, than for NPF,. experimental error.

During the titration, line broadening due to chemical
exchange was observed and its extent measured (Figure 6C)PISCUSSION
The Trp* resonances of the EH domain were well-resolved
throughout the titration wittNPF,c andNPF;, and showed
a large and small effect, respectively. At substoichiometric
peptide:protein ratios, broader lines were observed for almos
all residues of the cyclic peptide than for those of the linear
peptide. Dissociation rate constantgg] were estimated
using eq 8. Although the experimental points have significan
scatter, the best fits gavelas of 700 + 250 s for the
cyclic peptide and 180& 250 s for the linear peptide.

Intermediate Exchange Binding Analyssaibstantial errors
can be made Ky or the estimated value for the chemical
shift of the complex if using fast exchange analysis under
conditions wherds < 1000 s? (16, 29). Although there is

no analytical equation for calculating the peak position (i.e., ; . )
the binding curve) for intermediate exchange, the full line Phe#) which form a structural core. The interaction of these

shape (amplitude vs relative chemical shift difference) can conserved structural residues allows the different EH domains

be calculated. Although the first and second derivatives of to adopt similar folds.

the curve may be determined numericallg), we found it Superposition of the helical residues of the Repsl EH
more practical to examine the calculated curve following domain on the Eps15 EHEH; domains resulted in rms
minor adaptations of previously published protoc@g @9). deviations for the backbone atoms of 240.1, 2.1+ 0.1,

The calculated line shape is dependent onKhekys, the and 2.1+ 0.2 A, respectively. However, if the helix A was
line width, and the chemical shift difference between free not included in the comparison, the rms deviations for the
and bound states. We simulated peak shapes for each titratioirReps1 EH domain became 120.1, 1.4+ 0.1, and 1.0t
point for several residues that could be followed throughout 0.3 A, respectively (see the Supporting Information). A
the titration. Figure 6D shows the best-fit binding curve for Similar change was observed in the comparison of the four

Structure of the Reps1 EH Domaifhe Reps1 EH domain
comprises two helixloop—helix motifs characteristic of EF-
thand domains3g). This structure has been also identified
in the EH domains of mouse and human Epsilf (2, 37)
and that of POB110). The overall fold of the Repsl EH
t domain is shared with these EH domains, except that the
mouse EH domain contains additional short helices at its
N- and C-termini. Comparison of the known EH domain
structures with the amino acid sequences shows that the
structurally critical residues involved in the packing of the
hydrophobic core are highly conserved throughout the family.
Interestingly, five of seven highly conserved hydrophobic
residues are phenylalanines (Ph&he®, Phe?, Phe?, and

the'H resonance of the side chain of Ptpinclusion of the
kot term droppedy? from 0.035 in Figure 6B to 0.007 in
Figure 6D. TheKy was determined to be 438Vl and ko to
be 440 s!. The average over several residues yielddq, a
for NPFgy of 65 + 17 uM and akys of 440 + 110 s

major helices of the EHdomain with the EH and EH
domains 2.3 A), which dropped te-1.3 A when the first
helix was ignored. Calculation using INTERHLX3§)
showed the angles between the helices of Repsl are mostly
unchanged relative to the EFind EH domains, but that

These numbers were more accurate than the analysis usethe deviation results from &2 A displacement of helix A
without consideration of intermediate exchange (cf. Figure from the bundle of the helices-BD. In summary, the four

6A and the top curve of Figure 6C).

For NPFy,, inclusion of an intermediate exchange term
with ake of 1800 s calculated from the line width analysis
(Figure 6C) improved the fit to the experimental data in
Figure 6A (but not significantly, dropping th@ only slightly

helices of the EH domains superimpose only moderately well
and helix A shows a variable position with respect to the
other three helices. Comparisons of the four EH domain
structures also show large variations in the conformations
of the calcium-free loop (residues 2382) between helices

from 0.007 to 0.006). Because the chemical shifts are A and B (see the Supporting Information) and of the

influenced little by intermediate exchange foPF;,, a more
accurate value was obtained from line width analysis.

C-terminal proline-rich region.
Specificity of NPF Peptide Bindingrhe residues that

The binding curves show that most residues have small exhibit large changes in chemical shifts are observed to form
additional shifts at high peptide:protein ratios (e.g., Figure part of a hydrophobic pocket between helices B and C
6D). These may reflect nonspecific binding of the peptide (Figure 5). This observation is consistent with the recently

to the protein, although it is difficult to rationalize why these

determined structure of the Eps15 Eétbmain in complex

would cause the same chemical shift changes as the specifiavith an NPF-containing peptide84). Mutational analysis

binding. Alternatively, a small error in protein or peptide
concentration £10%) could also account for most of the
discrepancy between the fit and the data.

Although the preliminary analysis fdes indicated that

of the Epsl5 ER domain showed that the hydrophobic
character of Tr#f° and Led®® (corresponding to T3 and
Lew? of Reps1) is critical for binding27). The position of
the Tr@* side chain in Reps1 was precisely defined by more

intermediate exchange must be considered, more complicatedhan 30 NOEs between the Pfaromatic ring and residues
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are positioned differently. The distance from E¥&y to the
closest GI&° € oxygen is 8.5+ 1 A in the Reps1 EH domain,
whereas it is 13+ 1 A in the Eps15 Ekl domain (either
alone or in complex with a peptide). The difference is not
caused by undefined side chain structure in the Repsl EH
domain since nine NOE restraints were observed for thé’Lys
side chain and seven for the Glside chain ang; angle
restraints for both were used in the structure calculation or
in the Eps15 ERWldomain since the same conformations for
the gate residues are observed both in the free protein and
in complex with NPF-containing peptides. The difference
may arise in part from the change in neighboring residue
52. ArgP? in Eps15 appears to interact more favorably with
FIGURE 7: Superposition of the NPF peptide binding site of the GIu*®than the short chain, partially charged Higesidue in
Repsl EH domain (dark gray) with the second EH domain from the Repsl EH domain. Residues 8land Lys’ have also
Eps15 (light gray). Residues within the core of the binding pockets peen suggested to be important for specific recognition by
that contribute to NPF binding and specificity are indicated. the Eps15 Ekldomain. Site-directed mutations of Af§of
the Eps15 Ekldomain (corresponding to L§sin Reps1) to
lysine and alanine each showed a much more dramatic
decrease in NPF peptide affinity than with the corresponding
EH, (K152A) mutant, suggesting that the gate residues have
different roles in different EH domain87).

Binding Analysis The methods we used to analyze the
NMR titration data can be applied to the complete range of

in the calcium binding loop. NMR studies of the human,EH
domain and the calcium-free Eldomain from mouse Eps15
show a similar hydrophobic pocket as the primary interaction
site. Comparison of the EH sequences indicates that the
hydrophobic residues in the binding site are conserved.
Therefore, the interaction between hydrophobic residues of

the binding pocket and the NPF core sequence seems to b%xchange regimes to obtain accurate binding parameters.

a general mechanism of binding. _ Most texts describe the influence of exchange in a system
Binding to a specific target protein is the biological th equal fractions of the two populations. In systems where
function of an individual EH domain. Some EH domains ratios vary (which occurs during the course of a titration),
prefer to bind to peptides with FW, WW, or SWG motifs,  the calculations showed that the influence of intermediate
whereas the other EH domains bind only peptides bearingexchange on the peak position is dependent on the peptide:
NPF 7). The NPF sequence motif appears to be critical protein ratio. To take a dramatic theoretical example using
for binding to the Reps1l EH domain because of its ability akorr 0f 200 51, a A6 of 100 Hz, and &g of 1 4M, ata 0.1
to sel_ect NPF-containing protein; .in a yeast two-hybrid peptide:protein ratio two peaks would appear in slow
experiment and because the affinity for DPF- or NPY- aychange. At a 1:1 ratio, the peak would be in intermediate

containing peptides is substantially decreaség= 0.5-1 exchange, and at a 10:1 ratio, one peak would show in fast
mM) compared to the corresponding linear NPF peptitie ( exchange between free and bound states.
= 46 + 14 uM). For NPF,,, from the observedy (=kov/koff) Of 46 £+ 14

Among the EH domains that target NPF-containing uM andkys of 1800+ 250 s'2, the calculatedon is 0.3-0.6
peptides, different binding specificity may influence which x 108 M~ s %, which is near the diffusion-controlled limit
NPF-containing target protein is bound. The RepNPFi, (~1 x 10®* M1 s71). For the cyclic peptide, an association
complex Kq = 46 + 14 uM) appears to be much tighter rate constantk,; was estimated to be ¥ 10 M~* s2,
than the corresponding complex formed by the Eps1% EH which is 16-50-fold slower than diffusion. The60% larger
domain K4 = 560+ 40 «M), although this difference may  chemical shift changes observed upon binding the cyclic
be attributable to the different amino acid sequences flanking peptide and the off rates indicate that the Reps1 EH domain
the core NPF 12). Cyclization of the target peptide by  must undergo greater conformational changes to NiRBcy.
incorporation of a disulfide bond has a much larger effect than to bindNPF;,. The cyclic peptide exhibited a slightly
on the Epsl15 complexkg = 12 & 2 uM) than observed  weaker binding affinity than its linear counterpart for the
here on the Repsl compleX{= 65+ 17 uM) (34). In an Reps1 EH domain in contrast to results with the Intersectin
ELISA-style pull-down experimentl1@), the Repsl EH EH domain (.8).

domain did not bind tdNPFras, although the Eps15 EH The recently published structure of the EHomain in
domain does (M. Yamabhai and B. Kay, personal com- complex with a linear NPF-containing peptide4) allows
munication). an interpretation of some of the chemical shift changes that

The structure of the Repsl EH domain suggested a gatewere observed for Repsl. The largest chemical shift changes
formed by residues Ly$ and GIi&° over the hydrophobic  occurred in the binding site identified by intermolecular
NPF-binding pocket (Figure 5). A change in the conforma- NOEs between the EHdomain and NPF. However, some
tion of these gate residues may explain the difference in smaller changes cannot be so readily interpreted. For
specificity between the Repsl EH and Eps15 Ebmains. example, the binding oNPY, although weaker, shows
The binding sites of the Repsl EH and Eps15 Hbimains mostly the same changes in chemical shift as the NPF-
are compared in Figure 7. The overall conformation of the containing peptides, and, when extrapolated to saturation,
pocket formed by helices B and C and the orientation of the the same extent of change. The Etpeptide complex shows
side chains of conserved hydrophobic residues are roughlyroom for a hydroxyl instead of the hydrogen o Gf the
equivalent, but the two charged side chains . gnd GIi#%) phenylalanine ring34). If the Reps1l EH domain complex
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with NPY is assumed to be isosteric with the E#tbmain in the study involving DPF- and NPY-containing peptides,
complex, the hydroxyl oNPY is then placed in a hydro- Montarop Yamabhai and Brian Kay for sharing results prior
phobic environment comprising the side chains of3Ala  to publication, and Gillian Henry for a critical review of the
Phe, and Tr§* without possible hydrogen bond acceptors manuscript.

and donors. This may account for the much lower affinity

The Repsl EH domain showed quite different chemical  Taples of titration data and structural analysis. This

shifts when bindindPF than when binding NPF-containing  material is available free of charge via the Internet at http://
peptides. As illustrated in Figure 5A, the binding DPF pubs.acs.org.
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