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Epidermal growth factor receptor tyrosine kinase substrate 15
(Eps15) homology (EH)-domain proteins can be divided into
two classes: those with an N-terminal EH-domain(s), and the
C-terminal Epsl5 homology domain-containing proteins
(EHDs). Whereas many N-terminal EH-domain proteins regu-
late internalization events, the best characterized C-terminal
EHD, EHD]1, regulates endocytic recycling. Because EH-do-
mains interact with the tripeptide Asn-Pro-Phe (NPF), it is of
critical importance to elucidate the molecular mechanisms that
allow EHD1 and its paralogs to interact selectively with a subset
of the hundreds of NPF-containing proteins expressed in mam-
malian cells. Here, we capitalize on our findings that C-terminal
EH-domains possess highly positively charged interaction sur-
faces and that many NPF-containing proteins that interact with
C-terminal (but not N-terminal) EH-domains are followed by
acidic residues. Using the recently identified EHD1 interaction
partner molecule interacting with CasL (MICAL)-Like 1
(MICAL-L1) as a model, we have demonstrated that only the
first of its two NPF motifs is required for EHD1 binding. Because
only this first NPF is followed by acidic residues, we have utilized
glutathione S-transferase pulldowns, two-hybrid analysis, and
NMR to demonstrate that the flanking acidic residues “fine
tune” the binding affinity to EHD1. Indeed, our NMR solution
structure of the EHD1 EH-domain in complex with the MICAL-L1
NPEFEEEEED peptide indicates that the first two flanking Glu resi-
dues lie in a position favorable to form salt bridges with Lys resi-
dues within the EH-domain. Our data provide a novel explanation
for the selective interaction of C-terminal EH-domains with spe-
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cific NPF-containing proteins and allow for the prediction of new
interaction partners with C-terminal EHDs.

The mammalian C-terminal epidermal growth factor recep-
tor tyrosine kinase substrate 15 (Eps15)* homology (EH)-do-
main-containing (EHD) proteins are a group of four highly
homologous paralogs that play distinct but overlapping roles in
the regulation of endocytic transport (1). EHD proteins are
composed of an N-terminal ATP-binding motif (2—4) localized
between two helical regions and a C-terminal EH-domain (for
review, see Ref. 1). Although there are various other proteins
that contain one or more EH-domains, these proteins have
their EH-domain(s) localized to the N-terminal region of the
protein and fail to exhibit broad homology with the EHD fam-
ily. In addition, from a functional perspective, most N-terminal
EHD proteins are generally involved in the regulation of early
endocytic events (such as internalization), whereas EHD pro-
teins are more commonly implicated in controlling recycling
pathways (for review, see Refs. 1, 5, 6).

EHD proteins are highly conserved in evolution, and Cae-
norhabditis elegans contain a single EHD family gene, encoding
for a protein known as RME-1 that was originally identified as a
critical regulator of yolk receptor recycling (7). The nearest
mammalian homolog, EHD1, is involved in the regulation of
endocytic recycling, primarily in controlling transport of recep-
tors from the endocytic recycling compartment (ERC) to the
plasma membrane (7—10; for review, see Ref. 1). EHD3 is the
closest EHD1 paralog, displaying 86% identity, but it functions
at the early endosome directing trafficking to the ERC (4) and
retrograde transport to the Golgi (11). EHDI has also been
attributed a role in retrograde transport through its binding to
the retromer subunit Vps35 (12). EHD4 also localizes to the
early endosome and regulates trafficking to the ERC as well as
to the lysosomal degradation pathway (13, 14). Several studies
place EHD2 near the plasma membrane, involved in internal-

“The abbreviations used are: Eps15, epidermal growth factor receptor
tyrosine kinase substrate 15; EH, Eps15 homology; EHD, EH-domain-
containing; ERC, endocytic recycling compartment; GST, glutathione
S-transferase; GFP, green fluorescent protein; CHAPS, 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonic acid; MICAL-L1, mole-
cule interacting with CasL-like 1; NOESY, nuclear Overhauser effect
spectroscopy; HSQC, heteronuclear single quantum coherence; WT,
wild-type.
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ization events (15, 16), but it has also been reported to regulate
ERC to plasma membrane trafficking (13).

EH-domains are well conserved structures of ~100 residues
that were originally identified in three copies at the N-terminal
region of Epsl5 (17, 18). EH-domains contain two EF-hand
helix-loop-helix motifs bridged by a short antiparallel 3-sheet.
Evolutionarily, although the C-terminal EH-domains of the
four EHD paralogs represent a newer and more divergent sub-
family, they nonetheless have three-dimensional structures
that are similar to other N-terminal EH-domains (2, 19).

A major function conserved for all EH-domains studied thus
far is their ability to interact with proteins that contain the
tripeptide asparagine-proline-phenylalanine (NPF) (20 -23; for
review, see Ref. 24). The NMR solution structure of the second
Eps15 EH-domain revealed that the NPF-containing peptide is
found in a type I B-turn and occupies a hydrophobic binding
pocket between the aB- and aC-helices on the surface of the
EH-domain (20). Although there are hundreds of mammalian
proteins that contain one or more NPF motifs, EHD proteins
show specificity in binding to select subsets of NPF-containing
proteins. Indeed, it was demonstrated that the first and third
N-terminal EH-domains of Epsl5R prefer binding to NPF
motifs followed by an Arg residue (22).

Because the C-terminal EHD proteins carry out distinct
functions from other EH-domain-containing proteins, they
interact with a distinct subset of NPF-containing proteins that
are involved in endocytic recycling events. Accordingly, a cen-
tral question is: what regulates the selectivity of these EHDs for
specific NPF-containing proteins? To address this question, we
have taken advantage of two novel findings: (i) an experimental
observation that despite being similar in structure to other EH-
domains, C-terminal EH-domains have a highly positively
charged electrostatic surface area compared with other EH-
domains (19); and (ii) an empirical observation that C-terminal
EH-domains appear to prefer binding to NPF motifs flanked by
acidic residues (1) (see Table 1). These observations have
allowed us to propose that C-terminal EH-domains do indeed
prefer NPF peptides flanked by acidic residues and that the
mechanism for this selectivity is derived from additional salt
bridges.

EXPERIMENTAL PROCEDURES

Cloning and Purification of the EHD1 EH-domain—The
human EH-domain of EHD1 (residues Asp**°-Glu®**) was sub-
cloned into the bacterial expression vector pGEX-6P-2 (GE
Healthcare) utilizing the restriction enzymes EcoRI and Xhol
(PerkinElmer Life Sciences). Escherichia coli strain BL21
(DE-3) (Novagen) transformed with the cloned EHD1 EH-do-
main was grown in M63 minimum medium using 1 g of **NH,
and 2 g of [**C]glucose (Sigma). Bacteria grown to 0.6 A, were
induced with 0.5 mm isopropyl 1-thio-B-p-galactopyrano-
side for 4 h at 37 °C and pelleted at 3,500 X g for 20 min. Then,
the bacteria were resuspended in 1 X phosphate-buffered saline
containing 25X stock of Complete Protease Inhibitor (Roche
Applied Science) and 1 mwm dithiothreitol. The cells were lysed
by a French press (three times) and pelleted by centrifugation
(17,000 X g, 40 min) following the addition of 1 mm phenyl-
methylsulfonyl fluoride and 1% nonylphenoxylpolyethoxy-
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lethanol. The supernatant was bound to glutathione-Sepharose
beads (Genscript) at 4 °C for 2 h. The beads were then washed
with 1X phosphate-buffered saline at pH 7.4, and the EH-do-
main was cleaved by incubating the beads overnight at 4 °C with
80 units of PreScission Protease (GE Healthcare). The protein
was separated from the beads by centrifugation (500 X g for 5
min) and concentrated with an Amicon ultra 10K filter (Milli-
pore). The buffer was exchanged into 20 mm deuterated Tris,
100 mm KCl, and 2 mm CaCl, at pH 7.0 using the desalting
column Econo Pac 10DG (Bio-Rad). The purity of the protein
was confirmed by electrophoresis gel and the concentration
determined by UV reading at 280 nm.

GST Pulldown—For GST pulldown experiments, HeLa cells
were transfected with constructs containing GFP-tagged full-
length molecule interacting with CasL (MICAL)-Like 1
(MICAL-L1) constructs or mutants (as indicated), harvested,
and lysed for 15 min in buffer containing 25 mm Tris-HCI, pH
7.4, 125 mm NaCl, 1 mm MgCl,, 0.5% CHAPS, and protease
inhibitors (Sigma). After removal of insoluble matter by centri-
fugation, the lysate supernatants were incubated with GST-
EH-1 bound to goat anti-GST antibody (Amersham Bio-
sciences)-bound protein G beads for 2 h. The beads were then
washed with phosphate-buffered saline. Proteins were sepa-
rated by 8% SDS-PAGE, blocked in 5% nonfat milk in phos-
phate-buffered saline, and immunoblotted with mouse anti-
GFP antibodies (Roche Applied Science), and detected using
goat anti-mouse horseradish peroxidase. Enhanced chemilu-
minescence was used for detection.

NMR and Molecular Modeling—NMR data were acquired at
25 °C using Varian INOVA 600 and 800 spectrometers fitted
with a cold probe at the University of Nebraska Medical Center
NMR Facility and the National Magnetic Resonance Facility at
Madison. The MICAL-L1 peptide NPFEEEEED was purchased
from Anaspec (Fremont, CA). Backbone assignments of the
EHD1 EH-domain in complex with the MICAL-L1 peptide
were confirmed using HNCACB spectra. Peptide assignment
was achieved using F1,F2-'C,'’N-filtered NOESY (mixing
time of 150 and 300 ms). Distance constraints were derived
from '*N-NOESY-HSQC, *C-NOESY-HSQC (aliphatic and
aromatic), F1,F2-'3C,'*N-filtered NOESY, *C-edited-'*C or
'>N-filtered NOESY, and F2-'>C,'°N-filtered NOESY experi-
ments (mixing time of 150 ms). Molecular modeling using
ARIA 1.2 (26) and evaluation of the lowest energy structures
using PROCHECK-NMR (27) were performed as described
previously (19). The coordinates of the EHD1 EH-domain in
the presence of the MICAL-L1 peptide have been deposited in
the Protein Data Bank (2KSP) and visualized using MOLMOL
software (28). The chemical shift assignments and NMR
restraints used during the molecular modeling were deposited
in the BioMagResBank (16671).

Binding isotherms were obtained from gradient-enhanced
two-dimensional 'H,’’N-HSQC experiments. Data were
acquired with 1,024 complex points in the direct dimension and
64 in the indirect dimension. Sweep widths were 8,000 Hz in the
proton dimension and 2,100 Hz in the nitrogen dimension. Dis-
sociation constants (Kj) were calculated by nonlinear best fit-
ting the H-N titration curves using GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA), averaging over the five
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TABLE 1

Comparison of the residues flanking NPF motifs from known and
potential EHD interacting proteins

Known human EHD interaction partners with acidic residues flanking the NPF motif

Rabenosyn-5 NPF1
Rabenosyn-5 NPF2
Rabll-FIP2 NPF1
Rabll-FIP2 NPF3
SyndapinII NPF1
SyndapinI NPF2

DEEDLSSPMEE
[EEEDEEEEAVA
EESSETWDSS -
DATAGYRSLTY
[EDEDDTGSTVS

[EDDSKGVRVRA

SyndapinII NPF3 DDDATSGTEVR
SNAP29 NPF DDDGEDEGARP
EHBP1 NPF1 DDPDAAELNPF
EHBP1 NPF4 DEPEAFVTIKD

Partial list of potential human EHD interaction partners with acidic residues
flanking the NPF motif

EXO0C84 EDDEEEEPAVP
MKRN4 DDEEEAVTFEL
AAK1 DDDNFSKLTAE
LYST EETADGDVYYP
TTC3 EERQGEISRIE
ANFY1 [EDVPVVNGTSF
COR2A DDFEIASCSED
SDC10 DDIIPREIKRL
SG269 DENPELKEREY

Partial list of human proteins containing NPF motifs flanked by arginine

SYNJ1 RAKSEESEATS
TBD2A RMKQLRQLRMV
PKHAS RTTQTRRRDDK
PA2G6 RVKEVAVADYT
IRS4 RSSPLGQNDNS
ALK RVALEYISSGN
STAR9 RSREGVRESEP
ZMY15 RSPFRLRAADN
ZYX RPGDSEPPPAP

curves. Chemical shift variation was calculated according to the
formula Ao = \/((Ad,;n)* + (Ady,5))> The concentration of
EH-domain was maintained constant at 50 uM.

Yeast Two-hybrid Analysis—The yeast-two-hybrid assay was
done as described previously (29). Briefly, the Saccharomyces
cerevisiae strain AH109 (BD Biosciences Clontech) was main-
tained on YPD agar plates. Transformation was done by the
lithium acetate procedure as described in the instructions for
the MATCHMAKER two-hybrid kit (BD Biosciences Clon-
tech). For colony growth assays, AH109 co-transformants were
streaked on plates lacking Leu and Trp and allowed to grow at
30 °C, usually for 3 days, or until colonies were large enough for
further assays. An average of three to four colonies was then
chosen and suspended in water, equilibrated to the same A600
nm, and replated on plates lacking leucine and Trp (+His) as
well as plates also lacking histidine (—His). In addition to reg-
ular —His plates, some replatings were also done on —His
plates containing 2 and 10 mm 3-amino-1,2,4-triazole (Fluka,
Buchs) to validate further specificity of the interactions.

RESULTS

Acidic Residues Flanking NPF Motifs Fine Tune the Affinity of
Binding to C-terminal EH-domains—Previously, we identified
a cluster of positively charged surface residues within the EH-
domain binding pocket and proposed that C-terminal EH-do-
mains may potentially have a higher affinity for proteins con-
taining the negatively charged peptide Asp-Pro-Phe (DPF)
rather than NPF. Subsequent experimentation by surface plas-
mon resonance proved that this hypothesis was incorrect and
that C-terminal EH-domains bind NPF-containing peptides
with an affinity of 10-fold higher than DPF-containing peptides
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FIGURE 1. Characterizing the interaction between the EHD1 EH-domain
and MICAL-L1. A, Hela cells were transfected with GFP-tagged versions of
either wild-type MICAL-L1 (WT-MICAL-L1), MICAL-L1 with the second NPF
motif changed to APA (MICAL-LT (ANPF2)), MICAL-L1 with the second NPF
motif changed to APA and AAAAAA flanking the first NPF (MICAL_L1 (ANPF2)
NPF_AAAAAA), MICAL-L1 with the second NPF motif changed to APA and
AAAEED flanking the first NPF (MICAL_L1 (ANPF2) NPF_AAAEED), or MICAL-L1
with the second NPF motif changed to APA and EEEAAA flanking the first NPF
(MICAL_L1 (ANPF2) NPF_EEEAAA). Purified GST-EH-1 was used to pull down
wild-type and mutant GFP-MICAL-L1 from the lysates (top panel,immunoblot
with anti-GFP). 5.5% of the total lysates were immunoblotted to show overall
expression levels of the transfected proteins (5.5% input; bottom panel).
B, S. cerevisae yeast strain AH109 was co-transformed with Gal4AD and
Gal4BD fusion constructs containing either EHD1 or different MICAL-L1 con-
structs (labeled in the panel). Co-transformants were assayed for their growth
on nonselective (+HIS) and selective (—HIS) medium. PTD1 and PVAS3 served
as a positive control for protein-protein interactions.

(30). Accordingly, our observation that the NPF-containing
proteins that interact with EHDs generally have acidic clus-
ters flanking the NPF motif (Table 1) has allowed us to revise
our hypothesis, and we now propose that C-terminal EH-
domains utilize an evolutionarily divergent positively
charged surface area to bind a subset of NPF-containing pro-
teins selectively: those that contain acidic residues following
the NPF tripeptide.

To analyze the impact of having acidic residues following the
NPF motif in the binding of NPF-containing proteins with
C-terminal EH-domains, we took advantage of our recent dis-
covery that EHD1 binds to MICAL-L1 (31), which is a member
of the molecule interacting with CasL family of proteins (32).
MICAL-L1 contains two NPF motifs, with the first one fol-
lowed by a cluster of acidic residues (NPFEEEEED), whereas the
second one had no flanking acidic residues. As demonstrated in
Fig. 1, upon pulldown and two-hybrid experiments with GST-
tagged full-length EHD1 or the EHD1 EH-domain (EH-1)
alone, both wild-type MICAL-L1 and MICAL-L1 with a
mutated second NPF motif to APA displayed similar levels of
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we substituted the next three acidic
residues for Ala (NPFEEEEED to
NPFEEEAAA). Although NPFEEE-
AAA still displayed considerable
binding to EH-1, there was signifi-
cantly reduced binding of the
MICAL-L1 containing NPFAAA-
EED. These data strongly suggest
that the proximal acidic residues
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for optimal binding to C-terminal
EH-domains.

The observation that the first
three Glu are important for optimal
binding to the EH-1 was measured
quantitatively by NMR (Fig. 2). The
dissociation constant (K,,) was cal-
culated for the EH-1 interaction
with wild-type MICAL-L1 peptide
NPFEEEEED and the Glu-to-Ala
substituted peptides NPFAAAAAA,
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FIGURE 2. Binding analysis of the interaction between the EHD1 EH-domain and MICAL-L1. ">°N-HSQC of
the EH-domain with different concentrations of MICAL-L1 wild type peptide NPF_EEEEED (A) and the Glu-to-
Ala substituted peptides NPF_EEEAAA (B), NPF_AAAAAA (C), and NPF_AAAEED (D) is shown. The same three
EH-domain residues (Val*’?, red; Gly*®?, black; and Trp*®°, green) were evaluated for each peptide. Each K, was
estimated by nonlinear best fitting the chemical shift variation (in parts/million) versus the concentration of

type MICAL-L1 peptide (57 um *=
6) was significantly higher than that
of the NPFAAAAAA (399 um = 6)
and NPFAAAEED (193 uMm = 13)

peptide.

peptides; however, the NPFEEE-
AAA peptide retained an affinity
that was similar to that of the wild-
type MICAL-L1 peptide (54 um *=
5). The data suggest that although
the NPF motif is critical for binding
EH-1, the first three Glu are neces-
sary for a higher affinity interaction,
with the last three acidic residues
(EED) playing only a minor role in
the association.

Structure of the C-terminal EHD1
EH-domain with the Wild-type
MICAL-L1 Peptide—The structure

FIGURE 3. Stereoview of the 10 lowest energy structures of the EHD-1 EH-domain in complex with the
wild-type MICAL-L1 NPF_EEEEED peptide. The structures of the EH-domain in complex with the wild-type
MICAL-L1 peptide have been superimposed according to the backbone atoms of the following residues: EHD1,
Gly*%*, Ala*®7, Lys*®8, Met*”", Asn*’8 Leu*®’, Gly*®", Trp*®°, Lys*®¢; and MICAL-L1 peptide, Tyr, Asn, Pro, Phe, Glu1,
and Glu2 (EH-domain, blue; peptide, black). The lateral chains of these EH-domain residues have been labeled

of the complex was solved with the
EH-domain (600 uM) in presence of
2 mM wild-type MICAL-L1 peptide.

(red).

binding to EH-1 (Fig. 1). However, upon mutation of the first
NPF (containing the acidic cluster) to APA, the binding of
MICAL-L1 to EH-1 was entirely abrogated (Fig. 1B). To analyze
the significance of the flanking acidic residues, we utilized a
simplified system with the MICAL-L1 protein containing only
the first, acidic-flanked NPF motif intact. In this background,
we first substituted the acidic cluster for 6 Ala residues
(NPFEEEEED to NPFAAAAAA). As shown (Fig. 1), the binding
to EH-1 was almost entirely lost. To delineate which of the
acidic residues are most important for potentiating the binding,
we then substituted either the first three Glu for Ala
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The backbone view of the final 10
structures of the EH-domain-wild-
type MICAL-L1 peptide complex is displayed in Fig. 3, and
structural information is presented in Table 2. The EH-domain
in complex with the wild-type MICAL-L1 peptide NPFEEEEED
shows the same general organization as the unbound domain
with two associated helix-loop-helix motifs with the loops con-
nected by a short antiparallel B-sheet. The NPF motif presents
a classic type I B-turn for NPF motif binding EH domains; sta-
bilized by hydrogen bonds between the carbonyl oxygen and
the acyl oxygen of Asn with the amide protons of the Thr
and Phe, respectively. Lys*®®, Met*”!, Val*’?, Asn*"%, Leu®®',
and Trp*®® formed a pocket where the Phe is buried between
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TABLE 2

Structural statistics of the 10 lowest energy structures of the EHD1
EH-domain in complex with the wild-type MICAL-L1 peptide

Conformational Restraints
NOE distance restraints

Total 2786
Intra-residue (|i-j|=0) 1123
Sequential ([i-j|=1) 607
Medium range (2<[i-j|<5) 416
Long range (|i-j|>5) 555
Intermolecular 85
Backbone hydrogen bonds 70

Residual Violations Average Number per residue
Distance restraints > 0.3 A 1
Distance restraints > 0.5 A 0

RMSD? from Standard Geometry

Bond lengths (A) 0.0035 + 0.0002
Bond angles (degrees) 0.53 +£0.02
Impropers (degrees) 1.39 £0.07
Energies

NOE 37 kcal/mol+ 6

Van der Waals
Electrostatic

-1060 kcal/mol + 17
-5633 kcal/mol + 68

Ramachandran Maps
Residues in most favored regions
Residues in additional allowed regions

83.3%
15.5%

Average RMSD® Backbone (A) All non-hydrogens (A)
EH-domainwa39-ss20 0.73+0.10 1.19+£0.09
EH-domainws39.s500 MICAL-L 1.3 0.73 £0.09 1.18 £0.09
MICAL-L1ygs 0.35+0.15 0.70 £ 0.14

“ RMSD, root mean square deviation.

K486

E1
helix3

FIGURE 4. Close-up view of the binding site between the EHD1 EH-do-
main and wild-type MICAL-L1 NPF_EEEEED peptide. The EH-domain s col-
ored blue, the NPF motif from the wild-type MICAL-L1 peptide is colored
orange, and the acidic cluster E1, E2, and E3 from the wild-type MICAL-L1
peptide is colored red, black, and green, respectively. Residues involved in the
direct interaction have been labeled.

helix 2 and 3 (Fig. 4). The Pro is localized in a hydrophobic core
formed by Gly***, Ala®*®’, Met*”" and Trp***. The complex is
stabilized by a hydrogen bond between the Asn lateral chain
and the carbonyl oxygen of Gly**>, We also observed a close
proximity between the lateral chain of Lys*®® with the first Glu
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(E1) and Lys*®® with the second Glu (E2) leading to the forma-
tion of salt bridges between these residues which helped to sta-
bilize the complex. Additionally, a few of the structures, includ-
ing the lowest energy structure, have the third Glu (E3)
positioned such that it could form a hydrogen bond with
Asn*78,

Importance of the First Two Glutamic Acids in Fine Tuning
the Binding Affinity for the C-terminal EH-domains—The
structure of the EH-domain/wild-type MICAL-L1 peptide
complex identified two salt bridges between EH-1 residues
Lys*®® and Lys**® and the peptide residues E1 and E2, respec-
tively, which explains the significant decrease in affinity
observed in the NMR experiment when they were substituted
for Ala (Fig. 2). Because many of the known and potential EHD
interaction proteins contain only two acidic residues following
the NPF motif (see Table 1), NMR titrations were performed to
determine how these proteins may compare with those con-
taining three or more acid residues flanking the NPF motif, like
following the first NPF motif of MICAL-L1. EH-1 was titrated
with various concentrations of the Glu-to-Ala substituted pep-
tides NPFEEAAAA, NPFEAAAAA, and NPFAEAAAA (Fig. 5).
Compared with the wild-type MICAL-L1 peptide (57 um £ 6)
and the NPFEEEAAA peptide (54 um = 5) (Fig. 2), the binding
affinity slightly decreases when E3 is substituted for Ala
(NPFEEAAAA; 75 uM * 9), but significantly decreases when
the E2 or E1 is substituted for Ala. The binding affinity
decreases for the NPFAEAAAA and NPFEAAAAA peptides to
187 uM = 10 and 162 pum = 11, respectively (Fig. 5). Interest-
ingly, the observation that the NPFAEAAAA and NPFEAA-
AAA peptides have a reduced binding affinity similar to that of
the NPFEEEEED peptide suggests that E1 and E2 are both
important for optimal interactions. According to the solution
structure of the complex, this is because of the interaction of E1
and E2 with EH-1 residues Lys*®*® and Lys*®®, respectively.

To confirm that E1 and E2 are involved in forming a salt
bridge with EH-1 Lys residues, NMR titrations were performed
to look at the independence of binding at different salt concen-
trations, which would affect ionic interactions (Fig. 6, A—C).
EH-1 was titrated with the wild-type MICAL-L1 peptide
NPFEEEEED and the Glu-to-Ala substituted peptides NPFEE-
AAAA and NPFAAAEED. The buffer conditions were similar
to those used to collect the titration data in Figs. 2 and 5 (20 mm
deuterated Tris, 100 mm KCl, and 2 mm CaCl, at pH 7.0), except
the KCI concentration was increased to 400 mm. The overall
binding affinities for each of the peptides decreased in the pres-
ence of 400 mm KCl compared with 100 mm KCI (NPFEEEEED,
57 uM = 6 to 185 uM *+ 18; NPFEEAAAA, 75 uM * 9 to 156
uM * 11; NPFAAAEED 193 uMm * 13 to >1 mMm); however, the
binding affinity of the NPFEEAAAA peptide was similar to that
of the wild-type peptide, not the NPFAAAEED peptide. This
observation can be explained in that the NPFAAAEED peptide
is able to form a hydrogen bond with EH-1 (Asn and Gly**?),
whereas the NPFEEEEED and NPFEEAAAA peptides can form
a hydrogen bond and salt bridges. In combination with the
structural information (Figs. 3 and 4), the data suggest that E1
and E2 help stabilize the complex with EH-1 by forming a salt
bridge with EH-1 residues Lys**® and Lys*®®, respectively.
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same three EH-domain residues (Val*’?, red; Gly*®?, black; and Trp*®®, green) were evaluated for each peptide. Each K, was estimated by nonlinear best fitting
the chemical shift variation (in parts/million) versus the concentration of peptide. D, titration data for Lys*®® at various pH values. The pH titration curves were
fitted to the equation, 8 = § i, + (Smax — Smin)/(1 + 10°" ~ PX9) where § = chemical shift.

The possibility of a salt bridge between E2 and Lys**® wasalso ~ contributes directly to the selectivity of NPF sequences by EH-
confirmed by NMR titrations at different pH values, which ~ domains (21, 22). Overduin and colleagues (21) observed a salt
would also affect ionic interactions (Fig. 6D). The € carbon  bridge between a Glu (from the human Eps15 s EH-domain and
chemical shift from Lys**® was followed from pH 7.0 to 11.5.  equivalent to the EHDI1 residue Lys**®) and an Arg residue
Unfortunately, the € carbon from Lys**® was unable to be fol-  immediately following the NPF motif (from a synthetic peptide
lowed because of spectral overlap with the other 14 Lys resi- and equivalent to E1 in the MICAL-L1 peptide). Our data sup-
dues. The € carbon of Lys*®® could be identified and followed port the hypothesis that C-terminal EH-domains have evolved
because of shielding caused by the close proximity to the ring to use the exact opposite strategy in terms of charges. For exam-
currents of Trp*®®, The pK, for EH-1 Lys*®® alone was 9.85 =  ple, C-terminal EH-domains have positively charged residues
0.05, and in the presence of the wild-type MICAL-L1 peptide that prefer binding to NPF motifs flanked by negatively charged
NPFEEEEED was 10.52 = 0.08. This increase when in the com-  residues. In contrast, some N-terminal EH-domains selectively
plex is most likely caused by salt bridge formation between E2  bind to NPF-containing proteins utilizing a negatively charged
and Lys*®® (33). residue as a mechanism to ensure selectivity of binding to NPF

Phage displayed screens for N-terminal EH-domain ligands, motifs flanked by a positive residue. Therefore, we assessed how
and NMR studies have identified that position +3 from the Asn  the binding affinity to EH-1 would be affected if E1 from the
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FIGURE 7. Delineation of the EHD1 EH-domain residues that enhance
affinity for MICAL-L1 by interaction with its NPF-flanking acidic cluster.
The S. cerevisae yeast strain AH109 was co-transformed with Gal4AD and
Gal4BD fusion constructs containing MICAL-L1 with a mutated second NPF to
APA and either wild-type (WT) or mutant EHD1 constructs (denoted in the
panel). Co-transformants were assayed for their growth on nonselective
(+HIS) and selective (—HIS) medium. PTD1 and PVA3 served as a positive
control for protein-protein interaction.

MICAL-L1 peptide was replaced with an Arg residue. The EH-1
binding affinity for the NPFRAAAAA peptide was calculated to
be 1,050 um * 48. This significant decrease compared with the
NPFEAAAAA (162 um = 11) peptide suggests an electrostatic
repulsion between Lys*®® and the Arg residue (data not shown).

To provide further evidence in support of this selective
mechanism for C-terminal EH-domain binding to acidic res-
idue-flanked NPF motifs, we assessed the ability of EH-1
mutants to bind MICAL-L1 (ANPF2) (Fig. 7). As demon-
strated, substitution of Lys*®® for Ala caused an almost com-
plete loss of binding in two-hybrid analysis, suggesting that
the interaction of this residue with the second Glu following
the MICAL-L1 NPF is indeed critical for the stability of this
interaction. On the other hand, substitution of Lys486 with
Ala did not have a discernible effect, and the double muta-
tion (both Lys*®® to Ala and Lys*®° to Ala) displayed an effect
that was similar to Lys**® alone. These data support a model
in which a salt bridge between the second Glu flanking the
NPF motif and Lys**® is required for an optimal interaction
between the two proteins.

DISCUSSION

Despite the existence of hundreds of proteins that contain the
tripeptide sequence motif NPF, the C-terminal EHD proteins
interact with only a small subset of these, specifically, NPF-con-
taining proteins that are implicated in the regulation of endocytic
recycling events. Although one layer of specificity between EHD
proteins and binding partners might arise as a result of “compart-
mentalization,” the differential subcellular localization of these
proteins within the cell, it was apparent that additional molecular
mechanisms must be utilized to control this tight selectivity.

The solution structure of the EHD1 EH-domain (EH-1) (19)
and our observations that the other EHD paralogs have EH-
domains with highly positively charged surface areas (1) origi-
nally led us to hypothesize that C-terminal EH-domains might
selectively recognize the more acidic DPF motifs (as opposed to

asEve
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NPF motifs). However, because no DPF-containing interaction
partners for EHD1 have been discovered and because our NMR
data indicate that DPF motifs bind to EH-1 with lower affinity
(30), we began to examine alternative explanations as to why
C-terminal EH-domains contain such a positively charged sur-
face. Animportant clue came from the empiric observation that
most NPF motifs that bind to EH-1 contain acidic residues
flanking the NPF (see Table 1) (for review, see Ref. 1). In addi-
tion, we found that a number of NPF-containing proteins that
bind to N-terminal EH-domains show little or no binding to
C-terminal EH-domains (30). Cumulatively, this led us to pro-
pose that the selective binding of C-terminal EH-domains with
a specific subset of NPF-containing proteins might result from
amechanism that allows the formation of additional bonds that
contribute to the affinity between the positively charged C-ter-
minal EH-domain surface and the acidic residues flanking the
NPF motif.

The selectivity of various N-terminal EH-domains for NPF
peptides was addressed by the study of Paoluzi et al. (22), who
used phage display experiments to analyze the preference of
various mammalian and yeast EH-domains for NPF peptides. It
is of great interest that none of the six EH-domains derived
from the mammalian Eps15 and Eps15R showed any preference
for binding to peptides that contained acidic clusters following
the NPF. Moreover, a considerable number of these EH-do-
mains did show preference for binding to an NPF motif fol-
lowed by the positively charged Arg residue (22). In contrast, we
have determined that an Arg residue flanking the NPF motif
actually repulses EH-1 binding, and such peptides display dra-
matically reduced affinity for EH-1. In agreement with these
findings, we searched the data banks for proteins containing the
sequence NPFR and identified >40 human proteins with addi-
tional isoforms, none of which is known to interact with EHDs
(partial list displayed in Table 1). On the other hand, at least one
of these proteins is known to interact with N-terminal EH-
domain-containing proteins (SYNJ1; synaptojaninl), and sev-
eral of these proteins have known roles in internalization events
(SYNJ1, TBD2A).

We have now elucidated a molecular mechanism that
underlies the selective interactions of C-terminal EH-do-
mains with a specific subset of NPF-containing proteins
involved in the regulation of endocytic recycling. Based on
the solution structure of the EH-1 in complex with the
MICAL-L1 NPF peptide (NPFEEEEED), it is clear that the
flanking acidic residues are in close proximity of the posi-
tively charged residues within the EH-domain. Although the
NPF motif formed the classic type I B-turn for NPF motif
when bound to an EH-domain, we also observed that the side
chain of Lys*®® with the first Glu (E1), Lys*® with the second
Glu (E2), and possibly Asn*”® with the third Glu (E3) lie in a
position to form a salt bridge. The formation of these salt
bridges is consistent with our NMR data, demonstrating a
graded decrease in binding affinity when each of these three
Glu residues was substituted with Ala. The NMR data also
suggests that acidic residues at positions E4, E5, and D6 do
not directly influence the contact with EH-1 to stabilize the
complex because the binding affinities are similar between
the NPFEEEEED and NPFEEEAAA peptides.
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Our data support a molecular mechanism by which NPF-
containing proteins involved in the regulation of endocytic
recycling events have co-evolved along with C-terminal EH-
domains to arrive at higher affinity interactions resulting from
salt bridges between acidic residues flanking the NPF with pos-
itively charged residues on the C-terminal EH-domain surface.
Interestingly, by searching the protein data banks we have iden-
tified a series of proteins with NPF motifs flanked by such acidic
clusters (Table 1); although these have yet to be identified as
EHD interactors, several of these proteins are involved in endo-
cytic events, including EXOCS8 (34), AAK1 (35), and LYST (25),
and we predict that they are likely to interact with C-terminal
EHDs.
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