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ABSTRACT: Arrestins specifically bind activated and phosphorylated G protein-coupled receptors and
orchestrate both receptor trafficking and channel signaling through G protein-independent pathways via
direct interactions with numerous nonreceptor partners. Here we report the first successful use of solution
NMR in mapping the binding sites in arrestin-1 (visual arrestin) for two polyanionic compounds that mimic
phosphorylated light-activated rhodopsin: inositol hexaphosphate (IP6) and heparin. This yielded an
identification of residues involved in the binding with these ligands that was more complete than what has
previously been feasible. IP6 and heparin appear to bind to the same site on arrestin-1, centered on a positively
charged region in the N-domain. We present the first direct evidence that both IP6 and heparin induced a
complete release of the arrestin C-tail. These observations provide novel insight into the nature of the
transition of arrestin from the basal to active state and demonstrate the potential of NMR-based methods in
the study of protein-protein interactions involving members of the arrestin family.

Arrestins are soluble proteins that specifically bind to the
phosphorylated forms of activated G protein-coupled receptors
(GPCRs)1 (1), precluding further G protein activation and
targeting the complex to clathrin-coated pits via direct inter-
actions with clathrin (2) and its adaptor AP2 (3). This leads to
endocytosis and receptor downregulation. In addition to mod-
ulating signaling and trafficking of hundreds ofGPCRs, arrestins
also bind numerous nonreceptor partners and regulate a variety
of receptor-dependent and -independent signaling pathways (4).
Vertebrates have four arrestin subtypes, only two of which,
arrestin-2 and -3,2 are ubiquitously expressed (5). Arrestin-1,
the first member of the family to be discovered (6), is present at
very high levels in both rod (7, 8) and cone (9) photoreceptors,
where it shuts off signaling by light-activated opsins. Arrestin-1
was originally described as a protein that binds light-activated
phosphorylated rhodopsin (6). Subsequent studies havealso revealed
that it has additional partners. Arrestin-1 self-associates to form
dimers and tetramers (10-12) andalsobindsmicrotubules (13,14),

calmodulin (15), protein kinase JNK3, ubiquitin ligaseMdm2 (16),
N-ethylmaleimide sensitive factor (17), and many other proteins.
Association with active phosphorhodopsin is known to induce
a global conformational change in arrestin-1 (18, 19), which
apparently includes the release of the C-tail. Negatively charged
molecules heparin and inositol hexaphosphate (IP6) also bind
arrestin-1, mimicking the phosphorylated C-terminus of rhodop-
sin, andalso increase theaccessibilityof thearrestinC-tail (20,21).
The exposure of the C-tail upon receptor binding is highly con-
served among arrestin family members, with this process facil-
itating subsequent GPCR internalization bymaking clathrin and
AP2 binding sites more accessible (22).

The basal conformation of free arrestin-1 has been elucidated
by X-ray crystallography (23, 24), with additional structural
insight also being provided by site-directed spin labeling/electronic
paramagneticresonance(EPR)spectroscopyinsolution(12,25,26).
NMR and X-ray crystallography have been the main tools for
determining atomic-resolution structures of proteins, nucleic
acids, and carbohydrates. NMR has the advantage of providing
insight into protein dynamics and allows studies of protein-
ligand interactions under near-physiological conditions. While
the application of NMR to structure determination of larger
proteins such as the∼45 kDa arrestins remains challenging, tech-
nological developments such as deuteration (27-29) and trans-
verse relaxation optimization spectroscopy (TROSY) (30) have
made possible backbone chemical shift assignment and structural
studies of proteins or protein complexes of up to 100 kDa or even
larger (31, 32). Here solution NMRwas used to assign∼40% of
arrestin-1 backbone resonances. These assignments allowed us to
map heparin and IP6 binding sites on arrestin-1 and to explore
binding-induced conformational changes, including rearrange-
ments of the important C-terminus. The dynamic nature of the
C-terminus and several other segments renders them “invisible”
in all arrestin crystal structures (23, 24, 33-35). The use of NMR
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spectroscopy yielded the first structural information about these
elements and allowed characterization of their large-scalemotions.

Interactions of arrestin with dozens of binding partners
regulate key signaling pathways in the cell (4, 5). In most cases,
arrestin elements involved in the interactions with other proteins
remain unknown. Their comprehensive identification reveals the
molecular mechanisms of arrestin function and paves the way to
targeted redesign of arrestins for therapeutic purposes (36). Here
we show that each assigned backbone NMR resonance serves as
a “reporter”, and their large number greatly facilitates compre-
hensive mapping of protein-protein interactions and detection
of induced conformational changes under near-physiological
conditions.

MATERIALS AND METHODS

Preparation of the Arrestin-1 NMR Sample. Arrestin-1
was expressed in Escherichia coli and purified as previously de-
scribed (37) with somemodifications. Briefly, a pTrc-basedplasmid
encoding oligomerization-resistant arrestin-1(F85A/F197A) (25)
was transformed into BL21(DE3) cells and plated on LB agar/
ampicillin. Ten milliliters of overnight culture grown from a
single colony inLBwith 100mg/L ampicillin (LB/A) at 30 �Cwas
inoculated into 1 L of LB/A. Cells were grown at 30 �C to an
OD600 of 0.8 and then induced for 18 h using 25 μM IPTG. For
15N isotopic labeling, M9 minimal medium supplemented with
1 g/L 15NH4Cl was used. For

15N-, 13C-, and 2H-labeled protein
expression, M9minimal medium based on 99% 2H2O with 1 g/L
15NH4Cl and 2.5 g/L [13C]glucose was used. For 15N- and 2H-
labeled protein,M9minimalmedium in 2H2O supplementedwith
1 g/L 15NH4Cl was used. The induction time for 15N-, 13C-, and
2H-labeled or 15N- and 2H-labeled protein was 24 h, and the
average cell growth time was 4 days.

For amino acid-selective isotopic labeling, a transaminase-
deficient strain CT19 (generous gift of Dr. Waugh, National
Institutes of Health, Bethesda, MD) with genetic lesions of the
aspC, avtA, ilvE, trpB, and tyrB genes was used to prevent 15N-
labeled amino acid scrambling. This auxotroph is well-suited for
selective 15N labeling with Leu, Val, Phe, Tyr, and Ile (38). It was
particularly important to maximize the number of assignments
for lysine because of its importance in binding IP6, heparin, and
phosphorhodopsin. Therefore, a second transaminase-deficient
cell strain S1288 (39) (CGSC #:6432, E. coliGenetic Stock Center,
Yale University, New Haven, CT) was used for selective 15N
labeling with lysine, following a modified protocol (40) to opti-
mize cell growth and protein yield. Briefly, cells were grown in 4 L
of LB/A supplemented with 100 mg/L kanamycin and 20 mg/L
tetracycline (30 �C, 225 rpm), harvested at an OD600 of 0.6 by
centrifugation at 3000 rpm for 15 min, and resuspended in 1 L of
M9 minimal medium with the same antibiotics and 0.2 g/L 15N-
labeled valine, leucine, isoleucine, tryptophan, phenylalanine,
tyrosine, and aspartic acid individually. The cells were grown at
30 �C for at least 2 h and further incubated with 25 μMIPTG for
18 h. For S1288, the same protocol was used that was used for for
CT19 except that 100 mg/L ampicillin and 20 mg/L tetracycline
were used as antibiotics. The M9 medium for S1288 needs to be
supplemented with lysine, histidine, methionine, leucine, trypto-
phan, and isoleucine (0.2 g each) in a 1 L culture.

Protein was purified by heparin-Sepharose and Q-Sepharose
chromatography, as described previously (37), with the resulting
protein purity shown to be >95% by SDS-PAGE and Coo-
massie staining. In some cases, arrestin-1 was further purified to

>98% by S-Sepharose chromatography. Typical yields of pure
protein were 8-15 mg from 1 L of culture.

Q-Sepharose fractions containing pure arrestin-1 were pooled,
and the NaCl concentration was immediately adjusted to 150mM
with 5MNaCl.Arrestin-1was then concentrated to 0.5-1mg/mL
by ultrafiltration using an Amicon 30 kDa cutoff membrane and
frozen at -80 �C. For each NMR experiment, the buffer was
changed from Tris [25 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5mMDTT, and 1mMEDTA] to Bis-Tris buffer [25mMBis-Tris
(pH 6.5), 150 mM NaCl, and 5 mM mercaptoethanol] using an
ultrafiltration concentrator (Millipore, molecular mass cutoff of
30 kDa) immediately before use. The final arrestin-1 concentra-
tions were 0.15-0.2 mM for two-dimensional (2D) NMR and
0.5 mM for three-dimensional NMR experiments.
Backbone NMR Resonance Assignments. Most NMR

experiments were performed at 308 K on Bruker Avance 800 and
600MHz spectrometers equipped with cryogenic triple-resonance
probes with z-axis pulse field gradients. 2D HSQC spectra were
recorded using a sensitivity-enhanced, phase-sensitive TROSY
pulse sequence with water suppression using watergate (41, 42).
Backbone assignments were made on the basis of TROSY-based
versions ofHNCA,HN(CO)CA,HNCACB, andHN(CO)CACB
with 2H decoupling using a uniformly 2H-, 13C-, and 15N-labeled
sample (43, 44). HNCA andHNCACB spectra were recorded on
a Varian Unity Inova 900 MHz spectrometer at the Complex
Carbohydrate Research Center (University of Georgia, Athens,
GA); 114 � 80 complex points in t1 and t2 were obtained for
HNCA and 90 � 78 for HNCACB. HN(CO)CA and HN(CO)-
CACB spectra were recorded on a Bruker Avance 600 MHz
spectrometer tominimize linebroadeningdue to the field-dependent
chemical shift anisotropy-based relaxation pathway; 116 � 40
and 128� 40 complex points were obtained for HN(CO)CA and
HN(CO)CACB spectra, respectively. All NMR data were pro-
cessed with nmrPipe (45) and analyzed using Sparky (46) and
NMRView (47).

Arrestin-1 backbone chemical shifts were predicted using
SPARTA (48) based on the available crystal structure of the
visual arrestin homotetramer (PDB entry 1CF1) (24). It was
assumed that the F85A/F197A mutant form of the protein that
was used in this study has the same 3D structure as wild-type
arrestin-1 because of their similarity in 2D TROSY spectra and
identical biological functional properties. The predicted CR and
Cβ chemical shifts from Sparta were then used to match the
experimental chemical shifts for a segment of two or more
residues, which was useful for resolving ambiguous backbone
resonance assignments.
PRE Measurement and Analysis. Single cysteine residues

were introduced using Qiagen Quickchange into a cysteine-less
arrestin-1 construct (C63A, C128S, C143S, F85A, and F197A).
Protein was prepared as described above. Mercaptoethanol was
removed by buffer exchange using a 30 kDa molecular mass
cutoff Millipore centrifugal filter. Excess of MTSL (5-fold molar
excess relative to arrestin-1) was mixed with the protein sample
and then incubated at room temperature for 10min. ExcessMTSL
was immediately removed through extensive buffer exchange.
Following 2D 1H-15NTROSYNMRmeasurements in the pres-
ence of the spin-label, the nitroxide free radical was reduced to a
diamagnetic state via addition of ascorbic acid (6-fold molar
excess relative to arrestin-1) and incubation at room temperature
for at least 2 h before again collecting an NMR spectrum. Para-
magnetic relaxation rate enhancements (PREs) for each peak
were determined as the intensity ratio of arrestin-1 peaks in the
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oxidized versus the reduced state. Distances can be derived from
each PRE measurement by quantitating the increased T2 relaxa-
tion rate (R2*) and using eq 1 (49, 50).

R�
2 ¼ K

r6
4τc þ 3τc

1þωh
2τc2

� �
ð1Þ

whereK equals 1.23� 10-32 cm6 s-2, τc is the correlation time for
electron-nuclear interaction and can be estimated from the peak
line width at half-height,ωh is the proton Larmor frequency, and
r is the distance between the electron and nuclear spins. For those
residues with reliable assignments, the PRE-derived distances
were first used to find the position of the unpaired electron via
triangulation based on the fixed coordinates of the protein. The
predicted distances between the now-fixed nitroxide and amide
sites for which assignments were ambiguous were then compared
to the experimental distances extracted from the PREs associated
with resonances with ambiguous assignments to resolve uncer-
tainties in assignments.
Chemical Shift Perturbation by IP6 and Heparin. NMR

titration experiments were performed to monitor the chemical
shift perturbation of arrestin-1 by two polyanionic ligands,
inositol hexaphosphate (IP6) and heparin, which had been
previously shown to bind to all arrestins. IP6, also named phytic
acid, was purchased from Sigma (P8810). Low-molecular mass
heparin with an average molecular mass of 4 kDa, corresponding
to an average of 20 sugar units, was obtained from Fisher
Scientific (BP2524100). The concentration of heparin was ap-
proximated by assuming a molecular mass of 4 kDa. IP6 and
heparinwere dissolved in 25mMBis-Tris and 150mMNaCl, and
the pH of the stock solution was adjusted to 6.5 before it was
mixed with protein samples. Different ratios of protein to ligand
were tested until chemical shift changes reached a plateau. For
IP6 and heparin, TROSY spectra at different protein:ligand
ratios (1:0, 1:0.5, 1:1, 1:2, 1:5, and 1:10 and 1:0, 1:0.5, 1:1, 1:2,
and 1:5, respectively) were recorded at a fixed protein concentra-
tion of 0.15 mM. The binding site was close to saturation at
protein:ligand ratios of 1:10 for IP6 and 1:5 for heparin. The
chemical shift changes induced by the ligands were calculated
using eq 2:

Δσ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔσHÞ2 þð0:1ΔσNÞ2

q
ð2Þ

whereΔσH andΔσN are the ligand-induced changes in the proton
andnitrogen-15 chemical shifts, respectively.Chemical shift changes
were plotted as a function of ligand concentrations, and curves
were fit to a 1:1 binding model to determine the dissociation
constant using the titration analysis tool in NMRView (47).

15NNMRT2Relaxation TimeMeasurements. 15N trans-
verse relaxation times (T2) weremeasured using a Carr-Purcell-
Meiboom-Gill (CPMG) sequence (51, 52), which applies a high
15N pulse repetition rate in the CPMG pulse train to remove the
effects of scalar coupling and a 1H 180� pulse to suppress cross-
correlated relaxation effects during the relaxation period. For
each cycle, 16 Hahn echoes were applied with each Hahn echo
consisting of a 180 μs 180� pulse and a delay of 450 μs. Thus, one
cycle takes 17.28ms. ForT2 measurements, spectra with different
cycle numbers (1, 3, 4, 5, 7, 16, 32, and 64) were acquired and data
were processed using the Sparky Relaxation Fitting module (46),
which fits the peak heights to a decaying exponential function as
in eq 3:

I ¼ I0 exp
- t=T2 ð3Þ

Backbone 15N T2 values were measured for both ligand-free and
ligand-bound arrestin-1. For the IP6-saturated arrestin-1 sample,
0.15 mM [2H,15N]arrestin-1 was mixed with 1.5 mM IP6 in
25mMBis-Tris buffer, 150mMNaCl, and 5mMmercaptoethanol
(pH 6.5) and spectra were recorded at 308 K using a Bruker
Avance 600MHz spectrometer. For heparin-bound visual arrestin,
0.2 mM [15N,2H]arrestin-1 was mixed with 1 mM heparin in the
same buffer that was used for IP6 and spectra were recorded at
308 K at a Bruker Avance 800 MHz spectrometer.

RESULTS

Optimization of Conditions for NMR Spectroscopy of
Arrestin-1. It has long been known thatwild-type arrestin-1 self-
associates. Indeed, the protein crystallizes in tetrameric form (24).
Wild-type bovine arrestin-1 populates monomer-dimer and
dimer-tetramer equilibria with dissociation constants of 37 and
7.5 μM, respectively (25). At physiological concentrations (50-
100 μM), visual arrestin is distributed among rapidly exchanging
monomer, dimer, and tetramer populations. NMR studies of
wild-type arrestin-1 are hindered by the severe line broadening
contributions from the large molecular masses of the dimers and
tetramers,with possible additional contributions from intermediate
time scale conformational exchange processes. For this reason,
these studies employed a double mutant (F85A/F197A) form of
arrestin-1 that does not tetramerize and that exhibits a reduced
propensity to dimerize (Kd = 0.5 mM) (25). A pull-down assay
confirmed wild-type-like phosphorhodopsin binding activity for
this double mutant. Acquisition of a 2D 1H-15N TROSYNMR
spectrum that was seen to be similar to the corresponding spec-
trum for wild-type arrestin-1 confirmed that the double mutation
caused little or no structural perturbation (data not shown).

Bis-Tris buffers at physiological ionic strength (>100 mM salt)
were found to be suitable for acquisition of high-quality NMR
spectra of arrestin-1. The optimal TROSY spectrumwas obtained
by preparing the sample in 25 mM Bis-Tris, 150 mM NaCl, and
5 mM β-mercaptoethanol (pH 6.5). Under these conditions,
arrestin-1 remained stable and functional up to 308 K for 1-2
weeks, as confirmed by phosphorhodopsin pull-down assays.
BackboneNMRChemicalShiftAssignments forArrestin-1.

Arrestin-1 consists of 404 amino acids, including 25 prolines.
Both in crystal and in solution it is an elongated two-domain
moleculewith high β-strand content (24, 26). TROSY spectra of a
fully protonated 0.2 mM protein sample exhibit more than 350
peaks, but severe peak overlap is observed between 7.8 and 8.2
ppm in the 1H dimension (Figure 1). Moreover, peak intensities
are nonuniform with very sharp resonance from flexible loops
and broad signals from most of the β-strand residues. It has pre-
viously been demonstrated that a combination of protein per-
deuteration and the use of TROSY-based pulse sequences allows
backbone resonance assignments to be made on large proteins
(27, 53-57). We therefore pursued this strategy for arrestin-1.
While effective in the assignment of flexible elements of arrestin-1
such as the C-tail (Figure 2A), this strategy was only partially
successful. The difficulties faced are reflected by observation that
fewer than 250 peaks were present in the 2D 1H-15N projection
plane in the 3D TROSY-HNCA experiment and fewer than 150
peaks in the 2D 1H-15N projection plane in the 3D TROSY-
HNCACB experiment. This dearth of peaks was further compli-
cated by the abundance of prolines, which causes frequent
interruptions in correlation chains. We therefore used a novel
strategy to maximize backbone assignments by combining the
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available 3D data, selective amino acid labeling, chemical shift
prediction, and paramagnetic relaxation enhancement methods.

Backbone chemical shift assignment usually requires the se-
quential correlation of CR and Cβ chemical shifts in concert with
matching to the protein primary amino acid sequence. However,
it can be very difficult to obtain a complete 3D correlation map
for large proteins. We therefore used the method described by
Langer et al. (58) in combinationwith selective amino acid labeling
to improve the number of backbone chemical shift assignments
for those residues whose CR and Cβ chemical shifts are available.
A best fit algorithm was applied to find the best segmental
matches between experimental chemical shifts and predicted
chemical shifts from Sparta, with the best-matched segment being
the one with the minimal root-mean-square deviation (rmsd) (58).
However, the overlappeddistributionofCRandCβ chemical shifts of
several amino acids sometimes caused great degeneracy of assign-
ments such that unique assignment cannot always be obtained.

Because ambiguity of possible assignments can be greatly
minimized if the type of starting residue is known, identifications
of residue type were obtained by the incorporation of amino acid
selective labeling, which was used to permit the resonances to be

classified according amino acid type. Selective amino acid label-
ing using BL21(DE3) cells requires the addition of 15N-labeled
amino acids immediately before protein induction. However,
because of the very long (18 h) postinduction time in which
arrestin-1 is expressed, selective amino acid labeling of arrestin-1
using BL21(DE3) cell strains was not successful because of the
scrambling of 15N from the labeled amino acid to other amino
acids catalyzed by transaminases. To alleviate this problem, amino
acid auxotrophic strains of E. coli harboring lesions for different
transaminases were employed to prevent amino acid scrambling.
Two different auxotrophs were used to selectively label Leu, Val,
Tyr, Phe, Ile, and Lys, with the exact number of expected peaks
being observed in all cases. As an example, Figure 3 shows a
spectrum of selectively [15N]isoleucine-labeled arrestin-1 that
exhibits the 20 Ile peaks expected on the basis of protein sequence.

Site-directed paramagnetic relaxation enhancement (PRE)
measurements were then used to validate the backbone assign-
ments. PRE measurements have long been used to provide long-
range distance restraints (15-25 Å) to complement the use of
NOE distance restraints.While the application of PREs to protein
backbone assignment and/or validation is not unprecedented

FIGURE 1: 2D 1H-15N TROSY spectrum of 0.2 mM [U-2H,15N]arrestin-1 in 25 mM Bis-Tris, 150 mM NaCl, and 5 mM mercaptoethanol
(pH 6.5) recorded at 308 K using a Bruker Avance 800 MHz spectrometer. A total of 152 assigned residues are labeled.
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(58, 59), this approach has usually involved either a proteinwith a
paramagnetic metal ion binding center or binding to the target
protein of a ligand with a paramagnetic tag. For this work, para-
magnetic centers were introduced into fully functional cysteine-
less mutant arrestin-1 (26, 60) via incorporation of single cysteine
residues following by a thiolmodificationwithMTSL [S-(2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfono-
thioate]. Single cysteines were strategically introduced at more
than one site so that multiple sets of PRE data can be used to
cross-validate the assignment. PREs were measured using selec-
tively amino acid-labeled samples, to simplify the spectra and to
provide unambiguous identification of amino acid type. As an
example, Figure 4 shows spectra of [15N]phenylalanine-labeled
arrestin-1mutant T157C/C63A/C128S/C143S/F85A/F197Aboth
before and after reduction of the spin-label located at residue 157.
It can be seen that two resonances were broadened beyond
detection in the presence of the spin-label, while other peaks were
broadened. On the basis of distances estimated from the crystal
structure of arrestin-1, it was straightforward to confirm that the
two missing resonances correspond to F152 and F147 while the
broadened peaks represent F65 and F380.

The combination of these approaches allowed the assignment
of 152 residues, i.e., ∼40% of the 379 non-proline residues
(Figure 1). Assigned residues are highlighted in the arrestin-1
sequence (Figure 2B) and mapped on the crystal structure
(Figure 2A), where it can be seen that most structural elements
of the protein are represented by at least a few assigned peaks.
Assignments have been deposited in BMRB (access number
17177). Most of the N-terminal residues and all of the distal
C-terminus (residues 389-404) were assigned, which is notable
because these elements are not observed in the available crystal
structures (23, 24). Residues 361-370 between the C-domain and
the anchored end of the C-tail yielded very sharp peaks that were
assigned using TROSY-based 3D spectra. We obtained better
coverage of the N-domain (77 of 180 residues) than of the
C-domain (44 of 180).
Binding of IP6 andHeparin to Arrestin-1. IP6 and heparin

inhibit the binding of arrestin-1 to its physiological target,
phosphorylated light-activated rhodopsin (P-Rh*) (20, 21, 61),
likely acting as mimics of the multiphosphorylated rhodopsin
C-terminus that occupy the site on arrestin-1 where this part of
the rhodopsin normally docks. Thismodel received strong support

FIGURE 2: (A) Crystal structure of arrestin-1 (PDB entry 1CF1) with key regions labeled. The red circle represents the polar core area. The black
ellipse represents the three-element interaction involving the N-terminus, the C-terminus, and R-helix 1. Numbers in parentheses represent the
starting residue and the ending residue.Residues for which backbone resonance assignments weremade are highlighted inmagenta. (B)Mapping
of sites for which backbone resonance assignments were completed (highlighted in red) to the amino acid sequence of arrestin-1.
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from the finding that at low concentrations heparin promotes the
binding of arrestin-1 to unphosphorylated light-activated rho-
dopsin (20, 21, 61), in a manner similar to the effect of phos-
phorylated C-terminal rhodopsin peptide (62). This similarity of
action strongly suggests that heparin and the phosphorylated
rhodopsin C-terminus “activate” arrestin-1 via the same mecha-
nism, allowing its binding to unphosphorylated light-activated
rhodopsin. Both heparin and IP6 appear to interact withmultiple
phosphate-binding residues in arrestin proteins (63, 64) and
induce the release of the arrestin C-tail (21, 65, 66), which is
known tobe part of the receptor binding-induced conformational
rearrangement (26, 67). IP6 also inhibits the oligomerization of
arrestin-1 (68). Two independent IP6 binding sites had been
identified in arrestin-2, one on the N-domain and another on the
C-domain (69). On the basis of structure similarity (24, 33, 35)
and sequence homology (5), it can be inferred that the IP6
binding site contained within the N-domain is conserved in
arrestin-1. This was tested by IP6-induced NMR chemical shift
changes in arrestin-1. The binding of IP6 would be expected to
change the chemical shifts from residues in direct contact with the
ligand and those involved in binding-induced conformational
changes. Figure 5A shows a section of a TROSY spectrum of
arrestin-1 upon IP6 titration, with residues showing the largest
chemical shift changes labeled. Residue-specific changes in peak
chemical shifts due to IP6 binding are presented in Figure 5B.

As one can see in Figure 5C, the residues affected by IP6 are
located only in the N-domain and in the C-tail. One region that
shows many relatively large changes in chemical shift in response
to IP6 binding is in the receptor-binding cavity of the N-domain
(70, 71), which contains multiple positive charges (Figure 2). It
includes the loop between β-strands IX andX (residues 161-168,
three of which are lysines) and β-strand I (residues 11-20,
including three lysines and one arginine). Most of the positive
charges in these two areas have been previously implicated in the
interactions with receptor-attached phosphates (35, 63, 64, 72). A
second region is the “finger loop” (residues 68-78), also previously

FIGURE 3: 2D 1H-15N TROSY spectrum of 0.2 mM selectively [15N]isoleucine-labeled arrestin-1 in 25 mMBis-Tris, 150 mMNaCl, and 5 mM
mercaptoethanol (pH 6.5) at 308K using a BrukerAvance 800MHz spectrometer. Eleven of 20 isoleucine residue peaks were assigned, as labeled
in the spectrum.

FIGURE 4: Application of paramagnetic relaxation enhancement for
validation of backbone NMR resonance assignments. (A) 1H-15N
TROSY spectrumof 0.15mMselectively [15N]phenylalanine-labeled
arrestin-1 (T157C/C63A/C128S/C143S/F85A/F197A mutant form
with the MTSL spin-label attached at C157) with a reduced (dia-
magnetic) spin-label. (B) 1H-15N TROSY spectra of 0.15mM selec-
tively [15N]phenylalanine-labeled arrestin-1 (T157C/C63A/C128S/
C143S/F85A/F197Amutant formwith theMTSL spin-label attached
at C157) with an oxidized (paramagnetic) spin-label. Peaks that
disappeared (F152 and F147) in the paramagnetic case are circled.
Both spectra were recorded in a buffer containing 25 mM Bis-Tris,
150mMNaCl, and 5mMmercaptoethanol (pH 6.5) at 298K using a
Bruker Avance 800 MHz spectrometer.
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implicated in receptor binding (26), and a third is the C-tail
(residues 390-404) released upon binding to the phosphorylated
receptor (21, 26, 73). In addition, several perturbations were
observed in β-strands IV and IX (residues 55, 64, 65, and 172), as
well as in the “polar core” (residues 174 and 299), which is thought
to be critical to phosphate recognition by all arrestins (35, 74-78).
C-Domain residues that participate in IP6 binding in arrestin-
2 (69) are not conserved in arrestin-1. Indeed, we did not detect
a IP6 binding site in this element. Similar titration experiments

were performed for heparin, a polyanionic sulfated glycosamino-
glycan. A series of TROSY spectra were recorded at different
concentrations of heparin as illustrated in Figure 6A. The heparin-
induced chemical shift changes are presented on a residue-specific
basis in Figure 6B. The localization of residues showing sig-
nificant chemical shifts in response to heparin (Figure 6C) is
generally similar to those that respond to IP6 binding, although

FIGURE 5: Titration of arrestin-1 with IP6, as monitored by NMR.
(A) Overlapping of 2D TROSY spectra of 0.15 mM 15N-labeled
arrestin-1 with different concentrations of IP6. Protein:ligand molar
ratios are as follows: 1:0 (black), 1:0.5 (blue), 1:1 (red), 1:2 (purple),
1:5 (magenta), and 1:10 (green). Samples were prepared in 25 mM
Bis-Tris, 150 mM NaCl, and 5 mM mercaptoethanol (pH 6.5) and
spectra recorded at 308 K using a Bruker Avance 800 MHz spectro-
meter. (B) Plot of chemical shift changes along the sequence of
arrestin-1 (assigned residues) when the IP6 binding site of arrestin-1
is near saturation. Triangles represent the chemical shift changes for
0.15 mM 15N-labeled arrestin-1 induced by the presence of 1.5 mM
IP6. The chemical shift changes are calculated as described in
Materials and Methods. The magenta line indicates the 0.01 ppm
experimental uncertainty associated with the chemical shift measure-
ments. (C) Residues for which amide peaks exhibited a >0.01 ppm
chemical shift change in the presence of a 10-fold molar excess of IP6
were mapped onto the crystal structure of arrestin-1 (highlighted in
magenta).

FIGURE 6: Titrationof arrestin-1withheparin, asmonitoredbyNMR.
(A)Overlapping of 2DTROSY spectra of 0.1mM[2H,15N]arrestin-1
with different concentrations of heparin. Protein:ligand molar ratios
are as follows: 1:0 (green), 1:0.5 (red), 1:1 (yellow), 1:2 (blue), and 1:5
(magenta). Samples were prepared and acquired under the same
conditions as in Figure 5A. (B) Plot of chemical shift changes for
assigned resonances along the sequence of arrestin-1 when the heparin
binding site of arrestin-1 is near saturation. Black circles illustrate the
chemical shift changes for 0.1 mM [15N]arrestin-1 induced by the
presence of 0.5 mM heparin. The chemical shift changes are calcu-
lated as described in Materials and Methods. The magenta line
indicates the experimental uncertainty associated with the chemical
shift measurements. (C) Residues for which amide peaks exhibited
>0.01 ppm chemical shift changes in the presence of a 5-fold molar
excess of IP6 were mapped onto the crystal structure of arrestin-1
(highlighted in magenta).



10480 Biochemistry, Vol. 49, No. 49, 2010 Zhuang et al.

there are significant differences. Several regions that were not
affected by IP6 binding responded to heparin.Among thesewas a
short helix (residues 283-287) in the C-domain and several
residues in β-strand II in the N-domain. Moreover, heparin
binding but not IP6 induced significant changes in the peaks from
K109 and K110 in the helix I participating in the “three-element
interaction” that anchors the C-tail to the body of the N-domain
(24) and that serves as a secondaryphosphate sensor (79) (Figures 5C
and 6C). Both IP6 and heparin induce widespread chemical shift
changes, which suggest that in addition to contributions to shift
changes due to direct residue-ligand interactions there are also
likely some arrestin conformational changes upon ligand binding
that are localized primarily to the N-domain and C-tail. Indeed,
this conformational change involves the release of the C-tail as
evidenced by NMR T2 relaxation results described later in this
paper. This release further perturbs the finger loop and the polar
core through allosteric propagation.

The observed changes in chemical shift in response to increas-
ing concentrations of IP6 or heparin are monotonous (Figure 7),
indicating that free and arrestin-bound IP6 and heparin are in
fast exchange on theNMR time scale. The chemical shift changes
were seen to plateau upon reaching 5- and 10-fold molar excesses
of heparin or IP6, relative to the 0.1-0.2 mM arrestin-1. The
saturability of the binding indicates specificity of recognition.
Dissociation constants were determined by fitting the concentra-
tion-dependent chemical shift changes as a function of ligand
concentration (Figure 7A,B). The Kd for IP6 was 160 ( 60 μM
based on averaging residue-specific individual values. While the

heparin used for the titration represented by panels A and B of
Figure 7 was not completely homogeneous but rather was a
mixture of heparins of different lengths (average, ca. 20 sugar
units), it is possible to calculate an apparent dissociation constant
based on assuming an average molecular mass for this ligand.
The apparent dissociation constant Kd,app was found to be
roughly 10 μM. The higher affinity of arrestin-1 for heparin than
IP6 likely reflects the larger number of residues and surface area
involved in its binding site relative to IP6, as indicated by
Figures 5C and 6C. It is important to note that 1,3,5-inositol
triphosphate and a heparin disaccharide with only three sulfate
groups do not appear to bind arrestin-1 as judged by NMR
titrations (data not shown). These findings are consistent with
previous reports (61, 69) and recent studies showing that at least
three receptor-attached phosphates are necessary for arrestin-1
activation (80).
Evaluation of the Ligand-Induced Increase in the C-Tail

Mobility by T2Measurement.While 15N NMR T1 relaxation
times provide information about motions on only the pico- to
nanosecond time scale, T2 relaxation times are sensitive not only
to high-frequency motions but also to protein conformational
changes that occur on the micro- to millisecond time scale (81).
Conformational changes in proteins usually involve motions on
the micro- to millisecond time scale (82). T2 is also sensitive to
chemical/conformational exchange, if present. Here we used a
CPMG experiment to measure the T2 for the backbone amide
15N of arrestin-1 in the absence and presence of IP6 and heparin.
To enhance the ease and accuracy of T2measurements, uniformly

FIGURE 7: Determination of dissociation constants of the ligand-arrestin-1 complex from theNMRtitration data. (A)Chemical shift changes of
residues A64, I16, L172, and Y67 plotted as a function of IP6 concentration, to which was fit a 1:1 binding model using an NMRView titration
analysis module to obtain dissociation constants. (B) Chemical shift changes of residues A64, I16, L172, andY67 plotted as a function of heparin
concentration, with the same analysis of the data and the determination of apparent dissociation constantsKd,app being performed as in panel A.
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2H- and 15N-labeled protein samples were employed to remove the
relaxation contribution from dipole-dipole interactions involving
remote protons.

Figure 8A shows the measured arrestin-1 backbone 15N T2 in
the absence and presence of saturating heparin. For the free
protein, most of the residues from the core exhibit a T2 of ∼25-
35ms, indicative of lowmobility, while both theN-terminus (K5)
and the C-terminus (residues 392-404) are seen to be very flexible,
with T2 in the range of 100-500 ms. Residues 362-370 are also

very flexible. These observations are consistent with the crystal
structure of arrestin-1, where these highly flexible elements are
invisible in electron density maps (23, 24). The presence of heparin
does not affect the transverse relaxation of the N-terminus (K5)
or the loop of residues 362-370 (Figure 8A), which remains in
the range of 100-150ms.However, heparin substantially increased
transverse relaxation times in theC-terminus, withT2 for residues
at the end of the protein jumping to>1 s in the presence of heparin.
The increase inT2 gradually increases startingwith residuesK386

FIGURE 8: Release of the arrestin-1 C-tail upon association of arrestin-1 with heparin or IP6, as revealed by T2 relaxation rate changes. (A)
Transverse relaxation times (T2) for arrestin-1 backbone amide 15N in the absence (blue bars) and presence (red bars) of a 5-fold molar excess of
heparin, asmeasuredat 308Kand800MHz. (B)Transverse relaxation times (T2) for arrestin-1backboneamide 15N in the absence (blue bars) and
in the presence (red bars) of a 10-fold molar excess of IP6 at 308 K and 800 MHz.
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and A387 and extending to the extreme C-terminus. These data
suggest that in the presence of heparin the C-terminal tail becomes
completely disordered. A similar pattern was observed upon IP6
binding (Figure 8B). CD spectroscopy previously indicated that
binding of IP6 or heparin does not change the secondary struc-
ture of arrestin-1 (83). Our T2 relaxation data are in agreement
with this conclusion but highlight a dramatic increase in the flexi-
bility of the C-terminus upon binding of either IP6 or heparin.
This finding further supports the hypothesis (20) that the
C-terminus is likely to interact with positively charged elements
in the cavity of the N-domain when arrestin-1 resides in its basal
state.

DISCUSSION

Use of NMR Spectroscopy To Characterize Arrestin
Structure, Dynamics, and Interactions. There are two major
challenges in the elucidation of the structural basis of arrestin
function: precise identification of the binding sites for numerous
arrestin-binding proteins and elucidation of nonbasal arrestin
conformations, particularly the structures of the important
receptor- and microtubule-bound forms. Theoretically, crystal
structures of protein-protein or protein-ligand complexes can
yield this information. Unfortunately, only two structures of
arrestin complexes have been determined so far: arrestin-2 in
complex with a clathrin domain (84) and with IP6 (69). More-
over, crystallography is an imperfect tool for exploring the
dynamics of the interactions andmay also be subject to structural
artifacts resulting from crystal contacts and/or packing. For
example, it was recently shown that the shape of the biologically
relevant solution tetramer of arrestin-1 is very different from that
found in the crystal (12, 25). A second approach previously used
to characterize arrestin structures and interactions is EPR spec-
troscopy, which can be used to map binding sites and to follow
the dynamics of the interactions and conformational changes
in proteins under physiological conditions in solution (85, 86).
However, because each measurement requires introduction of
one or two site-directed spin-labels into engineered cysteine sites,
numerous mutants must be generated and purified to compre-
hensively map a binding site (13, 15, 26, 73) or to elucidate the
interacting surfaces of multiprotein complexes (12, 25).

Solution NMR has not previously been applied to arrestins.
Here we were able to assign chemical shifts for∼40%of arrestin-
1 residues localized in functionally important elements of the
protein. Importantly, we obtained particularly good coverage in
flexible regions that were not resolved in the crystal structure,
including the C-tail, parts of the three-element interaction, the
hinge region, the finger loop, and several residues in the polar
core (Figure 1B). We showed that this coverage is sufficient to
map the interaction sites of two negatively charged arrestin-1
ligands, heparin and IP6. Both ligands bind to the same site,
although heparin binding involves a higher surface area and a
larger number of residues than that of IP6, including the involve-
ment of a few residues from the C-domain and the hinge region
between the N- and C-domains. The binding site for both ligands
is clearly centered at the concave side of the N-domain, which
includes a number of conserved positively charged residues. For
IP6, this is expected on the basis of the crystal structure for the
complex between IP6 and the homologous arrestin-2, because all
three positive charges implicated in IP6 binding to the N-domain
of arrestin-2 (K157, R160, andK161) are also present in arrestin-
1 (K163,K166, andK167, respectively). IP6was also seen to bind

via five positively charged residues (K232, R236, K250, K324,
andK326) in the arrestin-2C-domain (69).We did not detect any
interaction of IP6 with the C-domain of arrestin-1, likely because
arrestin-1 has no IP6 binding site in this region: one residue in a
homologous position is neutral hydrophobic (I256 corresponds
to K250), and the other is negatively charged (E242 corresponds
to K236). NMR also readily detected the conformational
changes induced by these phosphoreceptor mimics, demonstrat-
ing that both displace the arrestin C-tail.
Novel Insight into Interactions of Arrestin with IP6,

Heparin, and Phosphorylated Rhodopsin. Arrestin-1 was
originally discovered as a protein that binds active phosphorho-
dopsin (6).After the nonvisual arrestin-2 (termed β-arrestin at the
time) was cloned and shown to bind the β2-adrenergic recep-
tor (87, 88), GPCRs were believed to be the only targets of
arrestins. However, subsequent studies found that arrestins bind
dozens of other proteins, placing them at a crossroads for
multiple signaling pathways, as reviewed in refs 4 and 5. Arrestins
assume at least three distinct conformations: a basal state in
solution (25, 26, 73) that is believed to be reflected by the crystal
structure (23, 24, 33-35), a receptor-bound “active” (26, 73)
state, and a microtubule-bound state (13). Thus, the under-
standing of the molecular mechanisms of arrestin function
requires identification of the binding sites of its partners and of
the conformational preferences of its interaction partners (22).
Other than the crystal structure of IP6-bound arrestin-2, only
the binding sites for clathrin (2, 84, 89), AP2 (3, 89), micro-
tubules (13), Ca2þ-liganded calmodulin (15), andPDE4D (90) have
been mapped on arrestins with any degree of certainty. Because
arrestins are not large enough to accommodate more than five to
six partners simultaneously, certain binding sites likely overlap
and the proteins that recognize them must compete (22). Indeed,
the competition for arrestin binding by GPCRs with micro-
tubules and calmodulin (15) due to overlapping binding sites has
been demonstrated experimentally. Similarly, the solution tetramer
of arrestin-1 in which receptor-binding elements are shielded by
adjacent subunits (25) cannot bind rhodopsin (12). However, for
most proteins that bind to arrestins, virtually nothing is known
about the locations of binding sites. The sites of protein-
protein interactions can be mapped by detection of decreased
residue mobility within the binding interface. Site-directed spin
labeling andEPRaccomplish this bymaking onemeasurement at a
time (25, 26, 60, 67, 85, 86), which requires expression and
purification of dozens of single-cysteine mutants for spin labeling
to define an interaction site. InNMR, each residuewith an assigned
peak can serve as a reporter, so that extensive multiresidue binding
sites can be mapped in a single experiment.

Arrestin elements directly engaged by the active phospho-
receptor (26, 64, 70, 71, 91-93) invariably map to the concave
sides of the two arrestin domains (Figures 5C and 6C). Phos-
phate-binding positively charged residues, which constitute part
of the receptor-binding site, are localized on the N-domain,
whereas other parts of the activated receptor are believed to be
engaged by the C-domain (35, 63-65, 72, 79, 94). It was also
shown early on that phosphoreceptor binding induces a global
conformational change in arrestin (18). The crystal structure of
arrestin-1 identified key intramolecular interactions that stabilize
the basal state (24). Receptor-attached phosphates disrupt two of
these: the main phosphate sensor termed the polar core (an
arrangement of five solvent-excluded charged residues containing
anArg-Asp salt bridge that the phosphates disrupt) (74-76) and
the three-element interaction among β-strand I,R-helix I, and the
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C-tail (35, 79, 95). The disruption of these interactions allows
arrestins to make the transition into the receptor-binding state,
which appears to involve themovement of the twodomains toward
the receptor (1) requiring an extended interdomain hinge (13, 65).
Judging by the effects of hinge deletions, microtubule binding
likely involvesmovement of the domain in the opposite direction.
The disruption of the interaction anchoring the C-tail to the body
of the N-domain induces its release, which was the first receptor-
induced conformational rearrangement deduced on the basis of
its increased susceptibility to proteolysis (21) and later directly
observed using site-directed spin labeling and distance measure-
ments (26, 73).However, despite awealth of deductions and a few
observations, the actual conformation of receptor- or microtubule-
bound arrestin remains to be elucidated.

The C-tail is displaced upon binding to phosphorhodopsin
(26), increasing themobility of its residues.Ourdata directly demon-
strate for the first time that phosphoreceptor mimics heparin and
IP6 also fully displace the C-tail, significantly increasing the
mobility of residues 387-404, with a clear gradient of the change,
which increases from proximal to distal residues (Figure 4). In
addition, the observed mobility gradient strongly suggests that in
the active state of arrestin the C-tail does not have a fixed
alternative conformation but is fully released anddisordered. The
flexible finger loop (residues 68-78) has distinct conformations
in different monomers within the crystal tetramer (24) and was
implicated in the binding of rhodopsin, microtubules, and
calmodulin (13, 15, 26), making the residues assigned in this
region useful as reporters for the interactions with these partners.
Our data demonstrate the finger loop’s involvement in the
binding of negatively charged phosphoreceptor mimics, heparin
and IP6 (Figures 5C and 6C). The polar core and the three-
element interaction are believed to undergo significant conforma-
tional rearrangements in the process of the transition of arrestin-1
into the active state. The availability of partial backbone assign-
ment in these areas paves the way for further NMR studies to
elucidate the detailed conformational and dynamic properties of
these regions within the active form of arrestin-1. This is partic-
ularly important considering the absence of the crystal structure
of any arrestin-receptor complex.

Evenwith partial resonance assignments, solutionNMRyields
a wealth of information about the localization of ligand-binding
sites on arrestin-1 and allows simultaneous detection of binding-
induced conformational changes in different areas of the mole-
cule. This approach is particularly attractive for multifunctional
arrestin proteins that bind a variety of partners and exist inmultiple
conformations. Systematic use of solution NMR holds promise
for mapping of arrestin binding sites for its partners and elucida-
tion of the effects of these interactions on arrestin conformation.
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