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ABSTRACT: Rabll plays a central role in plasma membrane recycling which returns cellular receptors for
reuse at the cell surface. A recently identified family of Rabl11 interacting proteins (FIP) includes FIP2.
The C-terminal region of FIP2 is essential for colocalization with Rabl1 on early endosomes and for
enabling formation of higher-order oligomers. Rab11 binding and oligomerization of FIP2 are separable.
Here we have determined the three-dimensional structure of the 40-residue coiled-coil oligomerization
domain of FIP2 in the absence of Rab11 using NMR methods. The N-terminal half showed strong NOE
cross-peaks and well-dispersed NMR resonances, whereas the C-terminal half had fewer NOE cross-
peaks and less chemical shift dispersion. The 10 C-terminal residues were mostly disordered. The final
structures of the dimer had favorable Ramachandran angles and a root-mean-square deviation of 0.59 +
0.13 A over superimposed backbone residues. The structure allows a comparison to a structure of FIP2
in complex with Rabl11 that was determined crystallographically. In complex with Rab11, the C-terminal
residues are not disordered but have a helical structure that predicts residual dipolar coupling constants
that are incompatible with those measured on the unbound FIP2. In both structures, a histidine residue is
found at the normally hydrophobic position of the heptad repeat of the coiled coil, and here we show its
ionization destabilizes the coiled-coil structure. Together, these data allow us to build a model in which
the binding of FIP family proteins to Rab11 can be described in terms of conformational changes and that
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Disorder and Structure in the Rabl1 Binding Domain of Rabl1 Family Interacting

suggests new modes of regulation.

Eukaryotic cells internalize nutrients, fluids, and other
molecules from the extracellular environment through the
plasma membrane via a process called endocytosis. The Rab
protein family members regulate vesicle tethering and
docking with target membranes and ensure the precision of
vesicle fusion. In particular, Rabl1 plays a central role in
plasma membrane recycling which returns cellular receptors
for reuse at the surface (/, 2).

Rabl11 conducts its biological effects by interacting with
effector proteins in a GTP-dependent manner. Rab11 behaves
as a typical GTPase protein in which the GTP-bound form
is active and the GDP-bound form is inactive. These two
forms have different conformations in their switch 1 and
switch 2 regions that are built on a scaffold of a central six-
stranded [3-sheet flanked by two a-helices on each side (3).
The interacting region of the effector is generally a dimer
of a-helices arranged in a coiled coil (4—6), although
sometimes a helix is used to form a binding surface, but
with structures different from a coiled coil (7—9).
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A recently identified family of Rabl11 interacting proteins
(FIP) includes six members to date: Rab11-FIP1 (FIP1) (10),
Rab11-FIP2 (FIP2)' (10), Rabl11-FIP3 (FIP3/eferin) (10),
Rab11-FIP4 (FIP4) (11), Rip11/FIP5 (12), and Rab coupling
protein (RCP) (/3). The FIP proteins share a highly
homologous Rab11 binding domain at their C-termini, which
overlaps a conserved region that mediates formation of a
coiled coil (Figure 1). FIP2 is perhaps the most extensively
studied of the FIP proteins and has distinct biological roles.
FIP2 is unique in that it contains multiple (three) Asn-Pro-
Phe (NPF) sequences that bind the EH domain of Repsl,
thereby coordinating EGF receptor signaling (/4). Rabl11-
FIP2 also coordinates functions of Rab11 with myosin Vb
(15). The C-terminal region of FIP2 was found to be essential
for its colocalization with Rabl1 on early endosomes and
enables FIP2 to form higher-order oligomers (/4). For
recycling of the transferrin receptor, expression of the
C-terminal region of FIP2 induced aberrant tubulation of the
compartment-containing transferrin receptors, which could
not be reversed by overexpression of Rabl11, thus underlining
the importance of the C-terminal region of FIP2 in receptor
recycling (16).

Our previous study of FIP2 defined the boundaries of the
Rab11-FIP homology domain (RH domain) and found a 50-

! Abbreviations: CD, circular dichroism; FIP2, Rabl1 functional
interacting protein 2; HSQC, heteronuclear single-quantum coherence;
NOE, nuclear Overhauser effect; RBD, Rab11 binding domain; RHCC,
coiled-coil region of the Rab11-FIP homology domain; rms, root-mean-
square.
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FIGURE 1: (A) Peptide sequences of Rabl1-FIP2 containing the
Rab11-FIP homology domain. The X-ray structure of Rab11-FIP2
bound to Rab11 (9) showed electron density for residues 447—503
(RHXray). The italic letters above the sequences denote the
predicted heptad repeats within the coiled-coil domain. Residues
in the a and d positions are in bold and participate in the formation
of a hydrophobic interface. The region of Rab11-FIP2 (residues
477—498) that interacts with Rab11 (RBD) is underlined. The 50-
residue RH50 domain contains the minimal regions needed for both
Rab11 binding and formation of the coiled coil, whereas the shorter
RHCC domain contains the minimal region needed for formation
of the coiled coil (/7). (B) Model of Rab11 in complex with Rab11-
FIP2. The coordinates were from PDB entry 2GZH (9). The Rab11
molecules are colored cyan. The RHCC portion of Rab11-FIP2 is
colored red, and the portion unique to RH50 is colored green. The
boundaries (residues 477 and 498) of the Rab11 binding domain
are indicated by residue numbers. Poorly structured residues at the
N- and C-termini are colored orange.

residue segment (RH50) that formed a coiled coil and was
able to bind Rabl11 efficiently (Figure 1A). We showed that
a preformed helical conformation was not necessary as
constructs that exhibited little coiled-coil formation still
interacted with Rab11 efficiently, and conversely a construct,
RHCC, which had as much helical structure as RH50, did
not bind Rab11. Limited proteolysis of RH50 showed that
the 10 C-terminal residues were susceptible to cleavage and
probably relatively disordered. These data are consistent with
mutagenesis data on FIP2 that suggest Rabl1 binding and
oligomerization are separable, thus potentially representing
distinct mechanisms of regulation in a cellular context (/4).

The crystal structure of FIP2 in complex with Rab11 was
determined while this work on FIP2 in the absence of Rab11
was in progress (9). Although the crystal was formed with
a longer construct containing the last 100 residues of FIP2,
the residues showing electron density (S450—V498) were
nearly the same as in the proteolytically derived RH50
fragment (Figure 1). The overall crystal structure is a
heterotetramer with dyad symmetry arranged as a
Rab11—(FIP2),—Rabl1 complex. Switch 1 of Rabll is
bound in a pocket between the two helices, while switch 2
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remains flexible and is only peripherally associated with the
effector. FIP2 forms an a-helical coiled coil which has a
Rab11 binding patch on equivalent and opposite sides close
to the C-terminus. The 10 C-terminal residues of FIP2 were
distinctly not disordered but have a structure that is presum-
ably induced by interaction with Rabl1 and comprises an
extension of the coiled coil by three residues, a turn, a 3;,-
helix, a short f-strand, and a loop (9). At the interface,
hydrogen bonds are observed between backbone atoms L496
and V498 of FIP2 and F48 of Rabll as well as between
R497 of FIP2 and T50 of Rab11 (9). We do not know the
extent to which the structure in the absence of Rabll
resembles that in complex with Rabl1, and therefore, we
assessed the structures of RH50 and RHCC using NMR
methods. More importantly, a dynamic perspective of the
interaction is described in which the disorder in the unbound
FIP2 protein permeates from the C-terminus into the coiled
coil. Furthermore, a histidine residue is found at the
hydrophobic “d” position of the heptad repeat, and we show
that ionization of this histidine changes the FIP2 coiled-coil
structure.

MATERIALS AND METHODS

Sample Preparation. The expression and purification of
unlabeled RHCC and RHS50 have been described in detail
previously (77). Uniformly 'SN-labeled or '*C-labeled do-
mains were obtained by using M9 medium containing either
1 g/L [“N]ammonium chloride or 2 g/L ["*C]glucose,
respectively. To prepare samples selectively labeled with SN
at particular amino acids, an M9 medium was used that
lacked ammonium chloride and instead contained a mixture
of unlabeled amino acids except for the appropriate '*N-
labeled amino acid (150 mg/L for leucine and 67 mg/L for
lysine) (18). A construct with a mutation (H463A) was
prepared by PCR methods and purified using the same
procedure that was used for the wild type.

NMR Spectroscopy. Samples consisted of 0.8—1.2 mM
domain in 20 mM phosphate (pH 7.3). Unless otherwise
stated, all experiments were performed at 298 K on a Bruker
Avance-600 spectrometer. Resonance assignments and NOE
analyses were performed on a 'N- and *C-labeled RHCC
sample using a suite of gradient-enhanced NMR experiments
as described previously (/9). The backbone was assigned
using mostly HNCA (20), HNCO (20), HN(CA)CO (21),
HN(CO)CA (22), CBCANH (22), and CBCA(CO)NH (20)
data, whereas the side chains were assigned using three-
dimensional (3D) HCCH-TOCSY. NOEs were detected in
a 3D NOESY-HSQC spectrum (!’N-separated) on a Bruker
DMX 800 spectrometer for greater sensitivity at the higher
field. "H—"°N residual dipolar couplings were measured using
10—15 mg/mL filamentous bacteriophage Pf1 as the align-
ment medium (23). To obtain unambiguous intermolecular
NOEs, a two-dimensional (2D) *C-filtered, '*C-selected
NOESY spectrum was recorded on a sample comprising a
mixture of 50% '>C-labeled protein and 50% '3C-labeled
protein that was refolded from 4 M urea (24). 2D spectra
were also recorded for RHCC in a 100% D,O solution. °N
T, and NOE experiments were performed at 15 °C on a
Bruker Avance 600 MHz spectrometer (25, 26). All data
were processed with Bruker XWINNMR. SPARKY was
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FIGURE 2: 2D '"H—"N HSQC spectrum of uniformly 'SN-labeled
RHCC in 20 mM sodium phosphate buffer (pH 7.3) showing amide
proton to nitrogen correlations that are labeled by residue number.
Cross-peaks for the side chain amides of asparagine and glutamine
are joined by horizontal lines labeled with their assignments. Peaks
labeled with asterisks correspond to the NeH protons of the four
arginine side chains. Unlabeled peaks are impurities due to a small
amount of degradation. The spectrum was collected at 600 MHz
and 15 °C.

used for resonance assignment and measurement of NOE
cross-peak intensities (27).

Conformational Data and Structure Calculations. NOEs
used in structure calculation were measured from a 2D
NOESY spectrum recorded in D,0 and from a 3D 'H—""N
NOESY HSQC spectrum recorded in H,O using a mixing
time of 100 ms. Backbone dihedral angle restraints were
derived from the secondary structure of the protein and the
backbone chemical shift analysis program TALOS (28).
Structures were calculated using CNS (version 1.1) (29) as
described previously (30). The same calculation procedure
was used for monomer and dimer structures, except for the
fact that the latter used noncrystallographic dimer symmetry
restraints for residues Y453—1.485. The NOE/hydrogen bond
and dihedral constraints used the default force constants (75
kcal/A? and 400 kcal/deg?, respectively). The Erepel function
was replaced with a Lennard-Jones potential during the final
Powell minimization (30). Ten initial structures of the
complex were calculated without the residual dipolar cou-
pling restraints. Alignment tensor parameters (D, and R) were
determined using PALES (37). The residual dipolar coupling
restraints were incorporated into the final calculation with a
force scale from 0.01 to 50 kcal/Hz? in Cartesian space. The
resulting 30 structures were validated by PROCHECK (32).
Structural statistics were collected with PROCHECK. Struc-
tures were drawn using Pymol (DeLano Scientific, Palo Alto,
CA) and MOLMOL 2k.2 (33).

Circular Dichroism. Far-UV CD spectra were recorded
on a JASCO model 810 spectropolarimeter by averaging two
scans with a step size of 0.5 nm using a cuvette with a path
length of 0.1 cm. Spectra were baseline corrected by buffer
subtraction. Peptide concentrations were determined by UV
absorbance at 280 nm. The ellipticity at 222 nm was
measured as a function of temperature for thermal denatur-
ation studies.
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Equilibrium Unfolding Studies. Protein samples (5 uM)
and urea stock solutions (10 M) were prepared in acetate-
phosphate buffer that was prepared by mixing 20 mM acetic
acid, 200 mM NaCl, and 1 mM DTT with 20 mM Na,HPO,,
200 mM NaCl, and 1 mM DTT to the desired pH as
described previously (34). Fluorescence emission scans were
acquired between 290 and 350 nm using excitation at 280
nm using a Jobin-Yvon Fluorolog-3 fluorometer. The average
emission wavelength ({(1)) was determined for each fluores-
cence spectrum using eq 1:

N N
Ay =1/, 1) (1)
i=1 i=1

where (1) is the average emission wavelength and I; is the
emission at wavelength 4; (35). Data were fit to a two-state
dimer to monomer model as described by eq 2:

K

N, —%2U b

where the protein is assumed to be either in a native
homodimeric state (N,) or in an unfolded monomeric state
(U) as described previously (34). Data were also fit to a two-
state monomer to monomer model as described by eq 3:

Ky

N—U 3)

where the protein is assumed to be either in a native
monomeric state (N) or in an unfolded monomeric state (U)
as described previously (36). AG values were calculated as
described previously (34).

RESULTS

Determination of the Three-Dimensional Structure of the
RH Domain. Various constructs representing regions at the
C-terminal end of Rab11-FIP2 were previously assessed by
limited proteolysis in the absence of Rab11 (/7). The circular
dichroism spectra of RHCC and RH50 were also found to
be nearly identical, suggesting that they have the same helical
structure except for the additional C-terminal residues of
RHS50 which are disordered (/7). The similarity in structure
is consistent with "N—'H correlation NMR spectra that show
very similar resonance positions for the structured parts of
the peptides (37). Because RHCC comprising residues
450—489 gave better quality NMR spectra, it was then used
for further optimization and detailed structural analysis.

Increasing the temperature from 25 to 37 °C gave spectra
with slightly narrower line widths, but fewer observable
resonances in the 'H—'N HSQC spectrum. To reduce the
level of hydrogen exchange, we lowered the pH from 7.4 to
6.8, but the protein precipitated. Altering the salt concentra-
tion and adding trifluoroethanol (TFE) did not produce
significant improvement of the quality of the spectra. The
best NMR spectra were recorded in 20 mM phosphate (pH
7.3) (Figure 2). Despite the optimization of the sample,
resonance lines were broad with 7, values of ~35 ms
(Figure 1S of the Supporting Information), while the 7, value
in a similarly sized coiled coil is ~75 ms (38). The shorter
T, indicates either aggregation or the presence of internal
motion. Although the quality of NMR spectra did not
substantially change using concentrations between 0.3 and
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FIGURE 3: Structural assessment from chemical shifts and RDC data. (A) The Ho chemical shifts of residues in RHCC were compared with
the Ha chemical shifts corresponding to a random coil conformation (secondary chemical shifts). (B) The fit of the experimental RDC data
to that calculated from the X-ray model of RHCC (black squares) and NMR structure of RHCC (red circles). Two residues that fit the

X-ray model poorly are labeled by residue number.

1.2 mM, a small degree of hexamer formation was noted in
analytical ultracentrifugation experiments (/7), suggesting
that some broadening may be due to transient aggregation.
The T, values and "N (39) NOE values were uniform across
the RHCC sequence, indicating that there was little internal
motion on the microsecond time scale. At this point, the exact
origin of the line broadening was unknown; however, it was
clear that NMR resonance assignment and structure deter-
mination of RHCC were going to be more challenging than
one would normally expect for a dimer of 40 amino acid
residues (MW ~ 10000), but a great deal of effort was
invested because of the importance of the structure. NMR
spectra have been recorded for coiled-coil domains of similar
size, suggesting that axial asymmetry was not likely to be
an impediment for structure determination (40—42).

To determine resonance assignments of RHCC, a variety
of NMR spectra were collected on unlabeled, *N-labeled,
ISN- and "*C-labeled, and '>C- and '*C-labeled samples. The
'"H—N HSQC spectra of selectively lysine-labeled and
selectively leucine-labeled samples were also helpful (37).
Missing resonances mostly belong to presumably less-
ordered residues at the N- and C-termini, although some
resonances also could not be observed or resolved for several
residues in the C-terminal half. The backbone assignments
of N, NH, Ca, and Ha atoms were 90% completed (Table
IS of the Supporting Information).

Previous CD analysis clearly showed that RHCC is an
a-helical protein (/7). Consistent with the CD analysis, most
of the Ha chemical shifts of the amino acids showed an
upfield shift with respect to the random coil values (Figure
3A), the Co. chemical shifts showed downfield shifts, and
most Cf shifts showed upfield shifts (Figure 2S of the
Supporting Information), which reflect the helical configu-
ration of the protein (43, 44). In general, the N-terminal half
showed greater secondary shifts than the C-terminal half,
suggesting stronger helix formation.

Backbone torsion angles of RHCC were predicted by
TALOS (45) on the basis of matching the Ca, Cj, N, and
Ho chemical shifts of three consecutive residues to patterns
observed in a database of proteins of known structure (45).
NOE distance constraints and local dihedral angle measure-

ments from TALOS were insufficient to derive satisfactory
structures. Residual dipolar coupling (RDC) information
proved to be very useful for deriving structures with
acceptable precision.

The N-terminal (residue S450) and C-terminal (residues
L484—M489) regions were poorly defined as few restraints
per residue were observed. Elsewhere, one-bond RDCs
between amide hydrogens and amide nitrogens were similar
with a value of approximately —19 Hz, consistent with the
structure of a typical helix in which the amide nitrogen forms
a hydrogen bond to the carbonyl of residue i — 4 such that
the orientation of each N—H vector is the same and parallel
to the long axis of the helix. Residues at positions a and d
had slightly smaller RDC values (—23 to —24 Hz), consistent
with observations made before on other coiled coils where
the portion of the helix at the dimer interface is slightly
compressed while those facing outside are stretched (46).

Structure calculation was initiated on the monomer starting
from an extended chain conformation using CNS (29). A
subset of 323 distance restraints was used for calculations
that were then refined using RDC data (47). If the N- and
C-terminal regions are excluded, the root-mean-square devia-
tions of the 30 structures against their mean coordinates were
0.43 A for backbone atoms and 1.16 A for heavy atoms.
Most ¢ and 1 backbone torsion angles were within the
allowed region of the Ramachandran plot (Table 1). The
structure of RHCC reveals a slightly curved a-helix from
residue T452 to N483. The C-terminal region from L484 to
M489 was not well-defined, as expected given the limited
number of NOE restraints per residue. One possible explana-
tion is that this region is not well-structured, thus giving
many fewer NOEs, which agrees with several unobservable
resonances in this region and, for the resonances that could
be seen, the approach to zero secondary chemical shifts.
Because a limited proteolysis study using trypsin indicates
that R487 is protected, suggesting that it lies in the structured
core (17), the structure N-terminal to this residue (probably
N-terminal to N483) may block access by trypsin. The
C-terminal region from L484 to M489 is important, however,
for coiled-coil stability, as a peptide containing residues
S450—N483 lacked dispersion in its 'H NMR spectrum and
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Table 1: NMR Structural Data and Refinement Statistics

RH monomer RH dimer
no. of experimental restraints

no. of distance restraints from 323 1081

NOEs
no. of dihedral angle 78 153

restraints
no. of RDCs 30 68
total no. of experimental 431 1302

restraints
rms deviations from experimental
data
average distance restraint violation  0.008 £ 0.002  0.007 £ 0.001

distance restraint violations of 0.0 £ 0.0 0.0 £ 0.0
>0.5 A
average dihedral angle restraint 0.40 £ 0.11 0.68 + 0.19
violation
dihedral angle restraint violations 0.0 £ 0.0 0.0 £ 0.0
of >5°
rms deviations from ideal stereochemistry
bonds (A) 0.0032 + 0.0001 0.0034 + 0.0001
angles (deg) 0.41 £ 0.03 0.48 + 0.05
impropers (deg) 0.37 £ 0.06 0.54 £ 0.07
Ramachandran analysis of the structures
residues in favored 90.9% 83.6%
regions
residues in additionally 9.1% 16.3%
allowed regions
residues in generously allowed 0.0% 0.1%
regions
residues in disallowed regions 0.0% 0.0%
Lennard-Jones potential energies
overall (kcal/mol) —96 + 18 —116 £ 52
coordinate precision Ay
backbone 043 £ 0.11 0.59 £+ 0.13
all heavy atoms 1.16 £ 0.14 1.16 £ 0.16
“ After superimposition of residues 453—484.
N N
-
di
(A) (B) (©)

FIGURE 4: Three-dimensional structures of the monomer of RHCC.
(A) Bundle of 30 superimposed in stereo (backbone atoms of
Y453—L384). (B) Representative structure. (C) Comparison of the
monomer with the corresponding residues in the X-ray structure
of the Rab11-FIP2—Rab11 complex. The NMR structure is colored
red and the X-ray structure green. The backbone rms deviation after
superposition of residues C453—L484 was 0.98 A.

exhibited little CD signal at 222 nm indicative of helix
formation (data not shown). Residues L.484—M489 exhibited
residual dipolar coupling constants that were approximately
the same as those of the helical residues closer to the
N-terminus. However, their secondary chemical shifts and
NOEs typical of helical conformations were weaker, indicat-
ing formation of a transient helix. The line widths of peaks
in this region were slightly broader than elsewhere in the
molecule.

A superposition of the mean structure of the backbone of
the monomer to the structure bound to Rabl1l had a rms
deviation of 0.98 A (Figure 4B). The differences in side chain
conformations are not likely to be significant, because few
stereospecific assignments or y; angle determinations were
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FIGURE 5: Three-dimensional structures of the dimer of RHCC. (A)
Bundle of 30 superimposed (backbone atoms of Y453—L1484). (B)
Representative structure. (C) Comparison of a dimer of RHCC with
the corresponding residues in the X-ray structure of the Rabl1-
FIP2—Rab11 complex. The NMR structure is colored red, whereas
the X-ray structure is colored green.

conducted for the NMR structure and thus the side chain
conformations were underdetermined. The slightly bent helix
body is consistent with the supercoiled dimeric nature of the
protein and with the crystal structure.

Only one set of NMR resonances corresponding to RHCC
was observed, providing evidence that this dimer is sym-
metric. The most often violated NOE measurements during
the calculation of the monomeric structure were centered on
residues Y453, V456, 1L.460, and H463. These NOEs were
then reintroduced in the calculation as 18 intermonomer
restraints for violations larger than 2 A and as nine
ambiguous restraints (intra- or intermonomer) for violations
smaller than 1 A. These residues were also observed in the
X-ray structure to be at the dimer interface. In addition, a
few interchain NOEs primarily involving Y453 were ob-
tained from '2C-filtered/"*C-selected 3D NOESY spectra
designed to measure NOEs between one chain that was
unlabeled and the other that was labeled with '*C, although
the signal-to-noise ratio in this experiment was too low to
be of much use. They were characteristic of side chain
packing of the residues in heptad repeats and consistent with
the crystal structure. Structures of the dimer were calculated
using a total of 1302 restraints, including 1081 NOEs, 153
dihedral restraints, and 68 'Jyy residual dipolar couplings.
The final total energy was —116.4 kcal/mol, and the
backbone rms deviation of superimposed structures was 0.59
+ 0.13 A. More than 83% of residues had favored ¢ and 1
torsion angles by PROCHECK analysis, and therefore, the
structure was of high quality (Table 1).

A ribbon diagram of a backbone superposition of 30
structures and a representative structure shows the expected
coiled-coil structure in the N-terminal half of the molecule,
but with fraying of the coiled-coiled structure in the
C-terminal half (Figure 5). Analysis of the distance difference
matrix of RHCC unbound and bound to Rabl1 shows that
while the monomeric units have the same structure and the
N-terminal halves of the dimers have the same structure the
C-terminal halves of the dimers have different structures
(Figure 3S). Consistent with the weaker secondary chemical
shifts, most of the differences arise from a lack of experi-
mental data specifying the contacts between the helices
because of an increased level of motion in the C-terminal
half. Consistent with the weaker secondary chemical shifts,
most of the differences arise from a lack of experimental
data specifying the contacts between the helices because of
an increased level of motion in the C-terminal half. Although
the deviation in the C-terminal half can partially be explained
by poor chemical shift dispersion and fewer NOE distance
restraints, some of the differences in the structure (in the
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FIGURE 6: Stability of RHCC and its H463A mutant to pH and urea. (A) CD spectra of RHCC at pH 4.0 (black), 6.5 (blue), 7.0 (green),
and 8.0 (red). (B) CD spectra of H463A at pH 3.3, 3.9, 6.3, 6.8, and 7.3. (C) Equilibrium unfolding data for RHCC (O) and H463A (O)
at pH 7.5. (D) Equilibrium unfolding data of RHCC (O) and H463A (O) at pH 4.0. Corresponding refolding data are shown as filled
symbols. Data were measured by recording the fluorescence average emission wavelength as a function of urea concentration. The protein
concentrations were 5 uM. Solid lines represent fits to the data using a dimer-to-monomer unfolding model that was used to derive the

AAGy,o values described in the text.

absence of Rab11) and the structure when bound to Rabl11
are obvious from analysis of the RDC data (Figure 3B). For
example, residues R487 and V488 have experimental RDC
values that are near zero, consistent with averaging of the
NH vector in solution, while the RDC values calculated from
the X-ray structure are approximately —20 Hz, consistent
with those residues being in an o-helix. The most striking
finding was that the residues that directly contact Rabl1 in
the crystal structure correspond to those less defined in the
NMR structure. For example, Y480 and 1481, which are
highly conserved residues in RH domains that form an
extended hydrophobic surface with Rabl11 that is essential
to stabilization of the complex in X-ray structure (9), exhibit
fewer than 10 NOE cross-peaks per residue in NMR data.
In addition, the side chain of Y480 makes a hydrogen bond
with the backbone of V46 in Rabll. In the complex, the
310-helix and extended S-sheet of FIP2 align with the 52
strand of Rab11, with residues R487, P493, P499, and Y500
playing a role in stabilizing the conformation of FIP2 in this
region (9). Thus, the NMR structure of the unbound FIP2
and the X-ray structure of FIP2 while bound to Rabl1 are
distinctly different.

Assessment of the Role of a Buried Histidine in the RHCC
Structure. During optimization of the conditions for NMR

analysis, we discovered that pH values below 7 gave NMR
spectra of poor dispersion and lower molar ellipticity values
in CD spectra (Figure 6A). We attributed the acid destabi-
lization to ionization of H463 found at the hydrophobic d
position of the heptad repeat of the coiled coil. (The other
histidine, H473, is at the g position and is exposed to the
solvent in both the NMR and X-ray structures.) The pK, for
denaturation was found to be 5.9, consistent with the titration
of a histidine residue, although the pK, was difficult to
determine accurately because the intensity of CD spectra
could not be reproduced near pH 5.5, the calculated isoelec-
tric point of the peptide. Although a peptide in which H463
was mutated to alanine showed substantially less molar
ellipticity, this ellipticity was no longer sensitive to pH
(Figure 6B). (Likewise, the intensities of CD spectra at pH
values near the calculated pl of this peptide, 5.1, were also
variable, mostly likely due to some degree of precipitation.)
To examine the pH dependencies in a system that avoids
the isoelectric point, equilibrium unfolding in urea was used
at pH 7.5 and 4.0 and changes in tertiary structure were
monitored by tyrosine fluorescence. The unfolding of the
proteins was found to be reversible at both pH values
(Figure 6C,D). The data could be fit with a model in which
the native dimer unfolds into a monomeric unfolded state
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with a single transition (eq 2), and the thermodynamic
parameters were obtained from the fits. At pH 7.5, the free
energy of unfolding (AGy,o) for RHCC was found to be 12.3
=+ 0.1 kcal/mol. The H463A mutant had a AGy,o of 10.6 =
0.2 kcal/mol, i.e., 1.7 kcal/mol less stable (Figure 6C). At
pH 4.0, RHCC (AGy,o of 9.7 & 0.3 kcal/mol) was less stable
than it was at pH 7.5, with a AAG of —2.6 kcal/mol.
However, at pH 4, the H463A mutant (AGy,o of 10.7 £ 0.2
kcal/mol) was more stable than wild-type RHCC by 1 kcal/
mol (Figure 6D). H463A was equally stable at pH 4.0 and
7.5 (AGu,o values of 10.7 &= 0.2 and 10.6 £ 0.2 kcal/mol,
respectively). The data thus demonstrate that H463 is
important for acid-induced destabilization.

DISCUSSION

The work presented in this paper is the first to investigate
the structure and function of an effector protein, Rab11-FIP2,
in the absence of its binding partner Rab11. Although the
recently published crystal structure of the effector—Rabl 1
complex shows a clear picture of interactions after binding,
it does not provide information about the structure before
binding. Together, these data allow a model in which the
binding of FIP family proteins to Rab11 can be described in
terms of conformational changes. In the Rab11-FIP2 com-
plex, 10 residues near the C-terminal end of FIP2 form a
structure comprising a turn, a 3jp-helix, and a S-sheet.
However, in the NMR HSQC spectra of the corresponding
RH50 construct of unbound FIP2, none of these 10 residues
was visible, indicating that they are much less ordered
unbound than when in complex with Rabll. Our NMR
structure was therefore focused on RHCC, a construct with
nine fewer residues at the C-terminus than RH50 (Figure
1A). The results from NMR were consistent with previous
results obtained using CD spectroscopy (/7). Some degree
of partial disorder extends further into the coiled coil of
RHCC, as some C-terminal residues, while helical, show
poor chemical shift dispersion and are not well defined
structurally. This partial disorder is consistent with their
participation in interacting with Rabl1 (Y480, 1481, and
L485—M489). On the basis of CD data in which an induced
o-helical structure was apparent on complex formation, we
hypothesized that structure is induced upon Rabl11 binding
(17). Consistent with this hypothesis, these two structures
with and without Rab11 in the RHCC covered area suggest
that the change does not result from conformational changes
within Rabl1 (48), but from extra helix formation within
FIP2 associated with the disorder-to-order transition that is
centered on the Rabl1 binding domain region of FIP2.

The characterization of dynamics within FIP2 allows
several possibilities for regulation of its biological function.
One possibility is that levels of unbound protein could be
controlled by proteolysis as the less-ordered C-terminal end
can be cleaved by trypsin as well as an Escherichia coli
enzyme with chymotrypsin-like activity (/7). On the other
hand, cellular localization away from cytosolic proteases or
binding to other proteins may protect FIP2 in vivo. Another
possibility is that the flexibility of FIP2 when unbound allows
binding to other proteins, thus altering function. For example,
a P85 SH3 binding site is strongly predicted for residues
Y500—P502, which would not be accessible when bound to
Rabl11 (41). The dynamics may also allow different choices
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FIGURE 7: Full-length Rab11-FIP2 and its interacting proteins. The
domain functions of Rab11-FIP2 are designated underneath the
figure, while sites of interactions with various proteins are given
above. C2 domains are typically associated with the membranes.
Rabl11-FIP2’s NPF motifs are potential sites for binding EH
domain-containing proteins. Two have been identified: EHD1 and
close homologues are associated with vesicular structures (67),
while Repsl binds RalBP1 as part of the Ral signaling cascade
through Ras (/4). In this paper, we determined the three-dimensional
structure of RHCC, which represents the dimeric coiled-coil region.
It partially overlaps with the Rab11 binding site. Rab11 is associated
with the early endosome and plays a role in vesicle recycling.

to be made more readily than if FIP2 were rigid by allowing
the unbound protein to sample a larger conformational space.
Such a model would allow one to predict that Rab11 proteins
that are on different vesicles or membranes that are separated
by various distances could be brought together by FIP2 on
formation of a complex with Rabl1.

The H463 buried at the RHCC dimer interface impacts
the stability of RHCC and may provide an additional
mechanism for regulating FIP2 biological function. Buried
polar residues in the hydrophobic interface of the coiled-
coil proteins are typical as they are important for oligomeric
specificity (49—51), chain orientation, and the kinetics of
unfolding (52). A neutral histidine 463 at the FIP2 dimer
interface, at pH =7, preserves the dimeric structure and
allows a stable complex with Rab11, which may directly or
indirectly mediate vesicle and target membrane fusion (53).
At lower pH, the protonated histidine destabilizes the dimeric
FIP2 and would be predicted to weaken the interaction with
Rabl1. The histidine-dependent dissociation of dimeric
structures has been observed before in other kinds of
structures, but we are unaware of ionization of histidines
that destabilize formation of a coiled coil (54, 55). Several
physiological conditions are associated with cellular pH
values below pH 7, including hypoxia and apoptosis,
although it remains to be determined whether the function
of FIP2 in vivo is pH-dependent (56—58).

The structure of FIP2 and the changes in this structure
upon Rab11 binding suggest molecular mechanisms underly-
ing endocytic recycling pathways (Figure 7). The dimeric
Rab11-FIP2 appears to act as a scaffold that brings several
proteins involved in vesicle sorting in addition to the binding
of Rabl11 for vesicle recycling (Figure 7). N-Terminal to the
coiled coil (residues 453—491) and Rabl11 binding domain
(residues 477—498) are three NPF sequences (residues
324—326, 406—408, and 440—442) that play a role in
recruiting proteins with Eps15 homology domains, such as
EHD1 (59) and Repsl (/4). In the case of Repsl, FIP2
coordinates intracellular trafficking of components of the Ras/
Ral signal transduction pathway. The possibility of cross talk
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between FIP signaling pathways has been suggested ever
since the evidence of the existence of heterodimers of FIPs
in cell culture was presented (/1, 60), yet only homo-
oligomers of FIPs are detected in vitro (60). The other
potential intermolecular binding sites are the myosin Vb
binding domain (residues 129—290) that links endosomes
to the cytoskeleton and the C2 lipid binding domain (residues
1—129) that links to the plasma membrane and thus regulates
cytoskeletal delivery of vesicles to the plasma membrane.
Changes in FIP2 structure upon Rab11 binding might change
the interactions with other partners such as EHD/Repsl,
myosin Vb, and the plasma membrane, subsequently regulat-
ing the pathways in which they are involved.

In conclusion, biophysical experiments, a NMR solution
structure, and the crystal structure of the complex have
together provided a picture of structural and dynamic aspects
of the interaction between Rabll and FIP2. While these
studies have improved our understanding of the molecular
mechanisms behind Rab11 binding to FIP2, they also suggest
that homologues in the FIP family will behave similarly and
show disorder-to-order transitions upon binding Rabl11.
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