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Forschungszentrum Jülich, 52425 Jülich, **Institut für Physikalische Biologie, Heinrich-Heine-Universität, 40225 Düsseldorf,
§Zentrum für Biologische Magnetische Resonanz/Institut für Organische Chemie und Biochemie, J. W. Goethe-Universität
Frankfurt, Marie-Curie-Strasse 11, 60439 Frankfurt, and ¶Institut für Biophysik, J. W. Goethe-Universität, 60590 Frankfurt, Germany

The outer segment of vertebrate photoreceptors is a specialized
compartment that hosts all the signaling components required for
visual transduction. Specific to rod photoreceptors is an unusual set
of three glutamic acid-rich proteins (GARPs) as follows: two soluble
forms, GARP1 and GARP2, and the N-terminal cytoplasmic
domain (GARP� part) of the B1 subunit of the cyclic GMP-gated
channel. GARPs have been shown to interact with proteins at the
rimof thediscmembrane.Herewe characterizednativeGARP1and
GARP2 purified from bovine rod photoreceptors. Amino acid
sequence analysis of GARPs revealed structural features typical of
“natively unfolded” proteins. By using biophysical techniques,
including size-exclusion chromatography, dynamic light scattering,
NMR spectroscopy, and circular dichroism, we showed that GARPs
indeed exhibit a large degree of intrinsic disorder. Analytical ultra-
centrifugation and chemical cross-linking showed thatGARPs exist
in amonomer/multimer equilibrium.The results suggested that the
function of GARP proteins is linked to their structural disorder.
They may provide flexible spacers or linkers tethering the cyclic
GMP-gated channel in the plasma membrane to peripherin at the
disc rim to produce a stack of rings of these protein complexes along
the long axis of the outer segment. GARP proteins could then pro-
vide the environment needed for protein interactions in the rim
region of discs.

Photoreceptors transduce the absorption of light into an electrical
signal (for review see Ref. 1). The outer segment of vertebrate photore-
ceptors is a specialized compartment that hosts all the signaling com-
ponents required for photoelectrical transduction. Rod photoreceptors
harbor an unusual set of three glutamic acid-rich proteins (GARP)2 (see
Fig. 1A) as follows: two soluble forms, GARP1 and GARP2 (2–4), and a
third form, which represents the cytoplasmic N-terminal domain

(GARP� part, almost identical in sequence to GARP1) of the B1 subunit
of the cGMP-gated ion channel (5). TheB1 subunit andGARP1/GARP2
are derived from a single gene by alternative promoters and splicing
(6–8). GARPs are characterized by their extremely high content of
glutamate residues (�150 residues in GARP1 and in the GARP� part)
and repetitive sequence motifs, in particular four short repeats desig-
nated R1–R4 (2, 3, 5) (Fig. 1A). The highest number of glutamate resi-
dues is found in a 110-amino acid-long segment toward the C terminus
containing 61% glutamate residues, present in GARP1 and GARP� but
not in GARP2. Nonetheless, GARP2 contains approximately twice the
number of glutamate residues than typical globular proteins (see sup-
plemental table). GARPs probably serve a function specific to rods,
because the GARP� part is lacking in splice variants of the rod B1 sub-
unit expressed in olfactory sensory neurons (9, 10) and testes (11). Fur-
thermore, the B3 subunit of the cGMP-gated channel of cone photore-
ceptors, which is encoded by a different gene, has no GARP-related
sequences (12), and soluble GARPs are absent in cones.
GARPs have been proposed to organize an oligomeric protein com-

plex near the cGMP-gated channel (3) and to interact with peripherin
(13), a protein located at the disc rim (14). The tethering of the GARP�
part to peripherin is expected to produce a circular arrangement of
cGMP-gated channels in juxtaposition to the disc rim (13, 15, 16). The
distance between the plasma membrane and the disc rim is �10 nm
(17). However, if the GARP� part adopts a globular shape with a calcu-
lated diameter of 6.6 nm, this would be too small to reach for peripherin
across the 10-nm gap. Either the GARP� part adopts an elongated struc-
ture or additional proteins, including soluble GARPs, may help to fill
that gap.
Here we have studied the structure and hydrodynamic properties of

GARP1 and GARP2 by various biophysical techniques. We identify
GARPs as members of a class of proteins that, in their native state, are
intrinsically unfolded. The unstructured GARP� part of B1 probably
serves as an elongated tether that secures the cGMP-gated channel to
the disc rim and thus provides for a unique geometric arrangement of
the channel.

EXPERIMENTAL PROCEDURES

Calculation of Mean Net Charge (R) and Mean Hydrophobicity (H)—The
mean net charge (R) of a protein is determined as the absolute value
of the difference between the number of positively and negatively
charged residues divided by the total number of amino acid residues.
The R values of GARP1 and 2 were calculated using the program
ProtParam at the EXPASY server (/www.expasy.org/tools). The
mean hydrophobicity (H) is the sum of normalized hydrophobicities
of individual residues divided by the total number of amino acid
residues minus 4 residues (to take into account the fringe effects in
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the calculation of hydrophobicity). Individual hydrophobicities were
determined using the Protscale program at the EXPASY server,
selecting the option “Hphob/Kyte and Doolittle,” a window size of 5,
and a normalized scale from 0 to 1. HBoundary (Hb) was computed as
described by Uversky (18): Hb � (R � 1.15)/2.785.

Secondary Structure Predictions—Secondary structure predictions of
repeat peptides (R1–R4) and proteins (GARP1 and GARP2) were car-
ried out using JPRED, PredictProtein, nnPredict, APSSP, and AGADIR
available on the EXPASY server.

PONDR Prediction of GARP Proteins—Protein sequences were sub-
mitted to the PONDR server (www.pondr.com) using the neural net-
work predictor VL-XT (19, 20). Access to PONDR� was provided by
Molecular Kinetics (Indianapolis, IN).

Purification of GARP1 andGARP2—Rod outer segments (ROS) were
prepared from dark-adapted retina as described elsewhere (21). Unless
specified, all steps were performed at 4 °C under dim red light. All buff-
ers, except for gel filtration, contained the protease inhibitor mixtures
mPIC (Sigma) and Complete (Roche Applied Science) according to the
manufacturers’ instructions. The rhodopsin content of ROS was deter-
mined spectrophotometrically from the absorption at 500 nm using an
extinction coefficient of � � 40,600 cm�1 M�1. ROS were suspended in
isotonic buffer (20 mM bis-Tris/propane (BTP)), pH 7.4, 120 mM KCl,
0.2 mM MgCl2, 2 mM DTT, to a rhodopsin concentration of 4 mg/ml.
The suspension was homogenized and diluted in isotonic buffer to a
final rhodopsin content of 1 mg/ml. Additional MgCl2 was added to a
final concentration of 2 mM.Membranes were recovered by centrifuga-
tion for 20min at 100,000� g and washed twomore times. Under these
conditions, GARPs, transducin, and PDE remained in the membrane
fraction, whereas most of the other soluble proteins were removed. The
membrane pellets were resuspended (1 mg/ml rhodopsin) in hypotonic
buffer (5 mM Tris-HCl, pH 7.4, 0.2 mM MgCl2, 5 mM DTT) and illumi-
nated for 5 min. The soluble fraction (containing GARP1, GARP2, and
PDE) was separated from the membranes by centrifugation for 20 min
at 314,000 � g. The pellet was washed twice and stored at 4 °C.

The pooled supernatants of the hypotonicwashingswere loaded onto
a 5-ml TSK heparin column (TosoHaas, Frankfurt, Germany) equili-
brated with hypotonic buffer. The columnwas washed at 1ml/minwith
hypotonic buffer until the absorbance reached the base line. GARP1 and
-2 boundweakly to the column and eluted when the buffer was changed
to TSK-buffer A (25 mM BTP, pH 7.4, 1 mM MgCl2, and 1 mM DTT).
After washing with TSK-buffer A, PDE and other proteins were eluted
in a gradient of 0–60% TSK-buffer B (TSK-buffer A containing 1 M

NaCl). The proteins were collected in 1.5-ml fractions (GARP) or in
3-ml fractions (PDE) and checked by SDS-PAGE with Coomassie Blue
staining and Western blotting. GARP1 and -2 eluted from the heparin
columnwere finally separated on a Superdex-200HiLoad 16/60 column
(Amersham Biosciences) with a flow rate of 1 ml/min (20 mM BTP, pH
7.4, 130 mM NaCl, 1 mM MgCl2, 1 mM DTT). GARP1- and GARP2-
containing fractions were pooled and concentrated to �2 mg/ml using
Centriplus 30 or Centriplus 10 spin columns (Millipore), respectively.
The purity of the samples was analyzed by Coomassie staining. The
protein standards used for the calibration of the Superdex columnswere
as follows: thyroglobulin 669 kDa, ferritin 440 kDa, catalase 232 kDa,
aldolase 158 kDa, ovalbumin 44 kDa, and chymotrypsinogen 25 kDa.
Blue dextran (2000 kDa) was used to determine the void volume of the
column.

Coomassie Staining of SDS-PAGE—SDS-polyacrylamide gels were
stained overnight by a solution containing 30% (v/v) ethanol, 10% (v/v)
acetic acid, and 1% (w/v) Coomassie Brilliant Blue R-250. Destaining

was performed by using the same solution without the dye. Under these
conditions at least 50 ng of most proteins are visible.

Construction and Purification of Recombinant GARP2 Expressed in
Escherichia coli—Recombinant GARP2 (rGARP2) was expressed in E.
coli strain BL21 (DE3) pLysE (Novagen) as His-tagged fusion protein
using the pET30a vector. Cells were resuspended and sonicated (3 �
10 s) in 10 mM Na� phosphate, pH 7.0. After addition of DNase (1,000
units/liter culture) and 2 mM MgCl2, the suspension was incubated on
ice for 15 min and then centrifuged at 60,000 � g. The supernatant,
containing recombinant GARP2, was adjusted to binding buffer (20mM

Na� phosphate, pH 7.0, 35 mM imidazole, 2% glycerol, and 500 mM

NaCl) and loaded onto a CoCl2-activated nitrilotriacetic acid-HiTrap
column (Amersham Biosciences). The columnwas washed with 10 vol-
umes of binding buffer and then with 10 volumes of binding buffer
containing 100 mM imidazole. Recombinant GARP2 was eluted with
binding buffer containing 500 mM imidazole and further purified by
size-exclusion chromatography using a Superdex 200 column (Amer-
sham Biosciences).

Mass Spectrometry—MALDI-TOF mass spectra of purified native
GARP2 sampleswere obtained by using aMALDI-TOFmass spectrom-
eter (Voyager System 4197, PerSeptive Biosystems Inc., Framingham,
MA). The instrument was operated in a linear mode (25-kV accelera-
tion, 93% grid, 0.15% guide wire, and 200-MHz digitizer) and employed
delayed extraction (320 ns). The m/z scale was calibrated using a mix-
ture of known protein samples as follows: apomyoglobin (16.95 kDa),
thioredoxin (11.67 kDa), and their respective dimers. Samples (16–20
�g) were mixed with a saturated solution (10 mg/ml) of sinapinic acid
matrix (1:1 v/v) and then mixed with acetonitrile containing 0.1% (w/v)
trifluoroacetic acid. The sampleswere deposited on the probe, air-dried,
and inserted into the instrument. Spectra arising from 50 to 100 laser
shots were averaged, and a 19-point smoothing of data were utilized for
protein samples.

Dynamic Light Scattering—Measurements were made with a
DynaPro-MS/X (Protein Solutions Inc., Lakewood, NJ) at 20 °C using
�47 �l of 0.5 mg of protein/ml of gel filtration buffer. All samples were
either filtered (0.2�m;Whatman) or centrifuged (5000� g, 5min) prior
to the measurements. Diffusion coefficients were obtained from the
analysis of the decay of the scattered intensity autocorrelation function.
The hydrodynamic radius could be deduced from the diffusion coeffi-
cients using the Stokes-Einstein equation. All calculations were per-
formed using the software Dynamics V6 provided by the manufacturer.

Quantification of GARPs in ROS—The amount of GARP proteins
relative to each other and to other proteins in the ROS (rhodopsin, PDE)
was determined by SDS-PAGE and densitometric image analysis of
Western blots on a Kodak Image Station. Three different ROS prepara-
tions were used. We performed the Western blot analysis using a poly-
clonal “anti-GARP” antibody (3) that labels the following three bands:
namely the B1 subunit of the cGMP-gated channel, GARP1, and
GARP2. The amount of rhodopsin in ROSpreparationswas determined
spectrophotometrically (22). The samples covered a concentration
range of 0.1–0.7 �g of rhodopsin. The intensities of bands belonging to
each GARP protein in the Western blots were determined densito-
metrically. The ratio of GARP proteins is a result of two independent
experiments performed in duplicate using three different ROS prepara-
tions (total of 12 values).

NMR Spectroscopy—NMR samples contained 0.125 mM purified
rGARP2 protein in 10mMNa� phosphate, 120mMNaCl, pH 5.2 or 6.8,
and 95% H2O, 5% D2O. NMR spectra were recorded at 298 K on a
Varian Unity INOVA spectrometer operating at a 600-MHz proton
frequency equipped with a 5-mm triple resonance probe and z axis
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pulsed field gradient. Suppression of the water resonance was achieved
through theWATERGATE technique (23). For each spectrum a sum of
128 transients was accumulated to achieve a good signal-to-noise ratio.
Chemical shifts were referenced against the methyl signal of external
sodium 2,2-dimethyl-2-silapentane-5-sulfonate. Data were processed
and plotted using the VnmrJ software (Varian Inc., Palo Alto, CA). Nat-
ural abundance 1H,15N-HSQC experiments were measured using
standard pulse sequences at 600- and 700-MHz with Bruker spectrom-
eters, each equipped with a 5-mm triple resonance cryoprobe and z axis
pulsed field gradients. Spectra were acquired at 298 K in 90% H2O, 10%
D2O, pH 3. The concentration of the peptides was 1.5 mM in each case.
1H chemical shifts were referenced to sodium 3-trimethylsilyl-2,2,3,3,-
d4-proprionate at 0.00 ppm, and 13C and 15N chemical shifts were cal-
culated from the 1H frequency (24). HSQC type experiments were
obtained and processed using XWINNMR 3.0 (Bruker Inc.) and TOP-
SPIN 1.3b (Bruker Inc.).

Circular Dichroism Spectroscopy—CD spectra were recorded with a
Jasco J810 spectropolarimeter. Spectra of purifiedGARP proteins in CD
buffer (5 mM Tris-HCl, pH 7.5, 100 mM Na2SO4; 5% (v/v) glycerol, 0.25
mM n-dodecyl-�-D-maltoside) were recorded as the average of four
individual spectral scans in the far-UV region from 190 to 300 nm using
a cuvette with a path length of 0.2 cm and the following parameters:
instrument sensitivity, 1 millidegrees; response time, 2 s; scan speed, 50
nm/min. Spectra were analyzed using the Dichroweb on-line server (25,
26). Reference data sets 4 and 7 (27, 28) were used, which are compatible
with thewavelength range used in this study. To test the reliability of the
secondary structure determinations, a number of alternative algorithms
were used for the structure calculations as follows: SELCON3 (29, 30),
CONTIN (31, 32), and CDSSTR (27, 33, 34). The analysis provided
calculated secondary structures and the goodness-of-fit parameter, nor-
malized rootmean square deviation (NRMSD). TheNRMSDparameter
(25) is defined as follows: �(�exp � �cal)2/(�exp)2)1/2 summed over all
wavelengths, where �exp and �cal are the experimental ellipticities and
the ellipticities of the back-calculated spectra, respectively. High
NRMSD values (�0.1) indicate that the back-calculated and experi-
mental spectra are not in good agreement (25). However, a lowNRMSD
value is not always sufficient to indicate an accurate analysis. Because
Dichroweb defines the NMRSD parameter in the same way for all anal-
yses, the NMRSD parameter provides a direct means to compare the
results obtained using different data bases and algorithms and in the
selection of the most appropriate reference data set for the relevant
protein. The NMRSD values obtained in this study were all well below
0.1.

Peptide Synthesis—Peptide sequences corresponding to repeats
R1–R4 inGARP sequenceswere synthesized according to standard pro-
tocols (72). R1 (residues 1–14) corresponds to MLGWVQRVLPQPPG;
R2 (residues 100–117) corresponds to VLTWLRKGVEKVVPQPAH;
R3 (residues 167–184) corresponds to LLRWFEQNLEKMLPQPPK;
and R4 (residues 255–271) corresponds to LMAWILHRLEMALPQPV.

Chemical Cross-linking of Purified GARP2 Protein—Native GARP2
was purified as described above. The purified protein (100 ng/ml) was
adapted to cross-linking conditions (10 mM Hepes/KOH, pH 7.4, 150
mM NaCl, 2 mM MgCl2, 1 mM CaCl2, 1 mM tris(2-carboxyethyl)phos-
phine hydrochloride), and the cross-linking reaction was carried out by
adding 10� stock solution of the amino-specific cross-linker bis(sulfo-
succinimidyl)suberate (BS3) or the thiol-specific cross-linker 1,4-bisma-
leimidyl-2,3-dihydroxybutane (BMDB) at room temperature (35). Final
concentrations of the cross-linkers BS3 and BMDB in the reactionswere
0.5 mM and 2.5 �M, respectively. Intermediate cross-link products were
identified at various times by termination of the reaction with SDS

sample buffer. Cross-link products were analyzed by SDS-PAGE and
Western blot analysis (35).

Analytical Ultracentrifugation—Experiments were performed in a
Beckman Optima XL-A ultracentrifuge, using an An-50Ti rotor at a
temperature of 4 °C. Absorbance versus radius data, A(r) or A(r,t), were
recorded at 280 nm. For the sedimentation equilibrium experiments,
Epon 6-channel cells with a path length of 1.2 cmwere usedwith sample
and reference volumes of 130 and 135 �l, respectively. The experimen-
tal A(r) profiles were evaluated as described earlier (36–38), using the
computer program DISCREEQ developed by Schuck (39). Sedimenta-
tion velocity runs used Epon double sector cells of 1.2 cm optical length.
Sample and reference volumes were 380 and 400 �l, respectively. The
experimental A(r,t) data were analyzed by the program SEDFIT apply-
ing direct boundarymodeling with distribution of Lammequation solu-
tions (40, 41). The partial specific volume, v�, of GARP2 and GARP1 in
aqueous buffers was calculated from the amino acid composition
according to the method of Durchschlag, applying the data set of Cohn
and Edsall, as tabulated in Ref. 42. This led to v� � 0.722ml/g for GARP2
and v� � 0.702 ml/g for GARP1. The densities and viscosities of the
buffers were calculated using the program SEDNTERP (43).

RESULTS

Rationale—GARP proteins display abnormally slow migration in
SDS-PAGE (2, 3, 5, 13). The apparent molecular mass (Mr) of GARP1
and GARP2 (�130 and �62 kDa, respectively) is twice as large as that
predicted by the amino acid sequence (64.5 and 31.9 kDa, respectively).
The electrophoretic mobility of GARP proteins could be anomalously
low for a number of different reasons. 1) Bandsmay represent dimers of
GARP1 and GARP2, respectively. 2) The high content of glutamate
residuesmay result in poor binding of SDS and, thereby, reducedmobil-
ity. 3) GARPs may adopt an unusual shape. Previous studies have pro-
vided evidence that GARP2 associates both with other retinal proteins
(3, 13) and with itself (3), raising the possibility that GARPs serve as
multivalent scaffolds for macromolecular signaling complexes. There-
fore, we performed sequence analysis and studied the structural prop-
erties and the oligomeric state of native GARP1 and GARP2 purified
from rod photoreceptors.

Amino Acid Sequence Analysis of GARP1 and GARP2—We applied a
series of predictors of natural disordered regions (PONDR) to GARP1
andGARP2 and their orthologs to identify the regions that are lacking a
fixed tertiary structure (19, 20, 44). About 89% of theGARP1 and 80% of
the GARP2 sequences are predicted to be disordered (Fig. 1, D and C,
respectively). The high degree of disorder is similar in three other
GARP2 orthologs, although they share relatively low sequence identity
(55%). Notably, the conserved repeats R1–R4, which are characterized
by an invariant Trp residue and a Pro-Gln-Pro triplet separated by
mostly conserved residues (Fig. 1A, lower panel), are the only regions
predicted to adopt an ordered conformation. A characteristic of intrin-
sically unstructured proteins (IUPs) is that they have a distinctive amino
acid composition. They are depleted in “order-promoting” residues
(Tyr, Cys, Phe, Trp, Ile, and Leu) and enriched in most “disorder-pro-
moting” residues (Pro, Glu, Ser, and Gln) (18, 45). As a consequence,
IUPs typically possess a high net charge at neutral pH and low overall
hydrophobicity (18, 46). The amino acid composition of GARPs is sim-
ilar to that of disordered proteins (supplemental table). Indeed, GARPs
fall into the class of IUPs because their mean hydrophobicities (H) and
mean net charge (R) obey the equationH	 (R� 1.151)/2.785 (47). The
results for GARPs are shown in Fig. 1B. All GARPs are acidic proteins
with a low hydrophobicity.
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Purification of Native GARP1 and GARP2—The purification of
native GARPs proceeds in four steps. First, dark-adapted ROS were
mechanically disrupted in isotonic buffer. Themembraneswerewashed
three times with isotonic buffer. Under these conditions, GARP1,
GARP2, the PDE, and transducin stay on the membranes and can be
separated from other cytosolic proteins by centrifugation (data not
shown). Second, membranes were illuminated and then washed in
hypotonic buffer releasing GARPs, PDE, and other proteins from the
membranes. Third, GARPswere separated from other proteins, notably
PDE, by chromatography using a heparin column (Fig. 2, A and B). The
GARP-containing fractions contained only few additional proteins as
revealed by the Coomassie staining procedure that has a detection limit
of �50 ng of protein (Fig. 2B). Moreover, Western blotting using anti-
bodies that recognize the� and � subunits of the PDE did not reveal any
contamination by PDE of the GARP2-containing fractions eluted from
the heparin column (data not shown). Finally, GARP1 andGARP2 were
separated from each other by size-exclusion chromatography using a
Superdex-200 column (Fig. 2, C and D). Using this procedure, the pro-
teins were purified to homogeneity as judged from Coomassie-stained
gel shown in Fig. 2D (right panel).

Abundance of GARPs in Rod Outer Segments—A constraint that may
provide important clues as to the function of GARPs is their relative
abundance in rods. Because of the acidic nature of GARPs, Coomassie
and Amido Black stains used routinely for protein quantification bind

relatively poorly. Therefore, we estimated the relative amount of GARP
proteins in ROS by densitometric image analysis of Western blots
stained with the antibody anti-GARP (3) directed against the common
N-terminal region (Fig. 1A, upper panel). Because the molar ratios of
key proteins in ROS, namely rhodopsin, transducin, PDE, and cGMP-
gated channel, are known (1), as well as the subunit stoichiometry of the
cGMP-gated channel (one B1 subunit per channel (35, 48, 49)), we
could determine the ratios between all three GARP proteins and
betweenGARPs andother components of the signaling cascade.Themean
molar ratio of GARP1:B1:GARP2 was 1:5.2 
 2.5:26 
 10. The molar
ratio of B1:rhodopsin in mammalian rods is 1:1700 (1, 50). The molar
ratio of PDE:rhodopsin is roughly 1:310,3 yielding aGARP2:PDE ratio of
approximate unity. Thus, we concluded that GARP2 is a major protein
in rod outer segments that is as abundant as PDE.

Size-exclusion Chromatography—The elution volume of a protein
from a size-exclusion column depends on the hydrodynamic properties
of the protein, i.e. its mass and shape. For globular proteins, the hydro-
dynamic radius (or Stokes radius, RS) allows us to deduce an apparent
molecular mass. The purification of GARP1 and GARP2 by size-exclu-
sion chromatography revealed that the RS values for both proteins were
significantly larger than would be predicted for a monomer of globular

3 R. Cote, personal communication.

FIGURE 1. Sequence analysis of GARP proteins. A, upper panel, overall organization of GARP sequences, highlighting the four repeats (1– 4), the glutamic-acid-rich region (Glu), a
calmodulin-binding site (CaM), the transmembrane segments (black bars), and the binding site for cGMP. Lower panel, amino acid alignment of the four repeats R1–R4 from bovine
GARPs. Black boxes indicate amino acid identities; gray boxes show conservative substitutions. B, charge versus hydrophobicity plot of GARP proteins. The mean net charge per residue
of GARP1 (diamond) and GARP2 proteins (circles) is plotted versus the mean hydrophobicity. Values for a number of known natively unfolded (small gray circles) and folded proteins
(black squares) analyzed previously by Uversky et al. (47) are also shown. The line (H � (R � 1.151)/2.785), demarcates the boundary between natively unfolded and folded proteins
in the charge-hydrophobicity plot. Note that all GARP proteins localize to the natively unfolded region of the charge-hydrophobicity plot. Gray diamond, bovine GARP1; circle with
vertical lines, bovine GARP2; open circle, human GARP2; circle with horizontal lines, mouse GARP2. C, PONDR of bovine GARP2 and its orthologs; D, PONDR of bovine GARP1. Disorder
prediction values are plotted against residue number (thin gray line). The significance threshold, above which residues are considered to be disordered, is set to 0.5. The results
indicate that �75% of the amino acid residues in all GARP proteins fall in the disordered region.
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shape. Supplemental Fig. 1 shows the elution profile of the purified
native GARP2 on a Superdex-200 column. The sharpness of the elution
profile indicates that GARP2 migrates as a homogeneous species close
to the marker protein catalase (232 kDa). The same profile is obtained
irrespective of the buffer composition and the presence of different
NaCl concentrations, excluding the possibility of nonspecific interac-
tion of GARP2 with the column matrix (data not shown). Mean RS

values of 65 
 3 Å (n � 11) (GARP1) and 48 
 2 Å (n � 11) (GARP2)
correspond to �485 and �200 kDa, respectively. Thus, the respective
molecularmass is up to 8-fold larger than that calculated formonomeric
GARP1 (64.5 kDa) and GARP2 (31.9 kDa).
Furthermore, we performed size-exclusion chromatography of puri-

fied GARP2 under denaturing conditions in the presence of 6 M guani-
dinium HCl (supplemental Fig. 1). The elution volume for the dena-
tured GARP2 corresponds to an RS of 56 Å and �350 kDa. If compared
with a globular protein of the same size, this change in the RS value upon
denaturation is relatively small. Moreover, we estimated the theoretical
RS and hydrodynamic volume (Vh) of folded and fully unfolded GARP2
using the equations described byUversky (18, 51) (Table 1). ForGARP2,
the theoretical values are 25 Å for RS(fold) and 52 Å for RS(unfold). The
theoretical Vh expected for a globular protein composed of 299 amino
acid residues is �71,000 Å3, whereas for a fully denatured protein it
would be 508,000 Å3. The experimentally measured RS value of 48 Å
corresponds to aVh of�463,000 Å3.We performed similar calculations
for GARP1; the values for RS(fold) and RS(unfold) were 33 and 76 Å,

respectively, corresponding to Vh values of �147,000 and �1,405,000
Å3. The measured RS value of 65 Å for GARP1 from size-exclusion
chromatography corresponds to a Vh value of 1,151,000 Å3. This com-
parison suggests that GARP proteins either exist as large oligomeric
complexes or that the shape of themonomer deviates significantly from
that of a globular protein. In fact, the small difference between the Vh of
native and guanidinium-denatured GARPs and the small difference
between the measured Vh and that calculated for a nonfolded protein
suggests that GARPs, in fact, exist in a largely unfolded conformation.

FIGURE 2. Purification of GARP proteins. A, TSK-heparin column chromatography. The fractions containing GARP1 and GARP2 (GARP), which eluted when Tris buffer was exchanged
for BTP buffer, as well as the fractions containing PDE eluted with the salt gradient (0 – 600 mM NaCl), are indicated. B, right panels, analysis of the GARP-containing fractions and the
fractions collected from the NaCl gradient by Western blotting (B1, GARP1, and GARP2) and by Coomassie staining (PDE). Left panel, controls, ROS, and the hypotonic soluble fraction
(HSF) were analyzed by Coomassie staining (CB) and by Western blotting (WB). Hypotonic soluble fraction was the fraction loaded onto the heparin column. C, size-exclusion
chromatography. The GARP fractions eluted from the heparin column were pooled (G-TSK) and loaded onto a Superdex-200 column (HR16/60; black line). The fractions containing
GARP1 and GARP2 are indicated. The peaks of a calibration curve (dashed line) correspond to blue dextran (2000 kDa; 44.5 ml), thyroglobulin (669 kDa; 49.3 ml), ferritin (440 kDa; 56.4
ml), catalase (232 kDa; 66 ml), aldolase (158 kDa; 67.7 ml), ovalbumin (44 kDa; 82 ml), and chymotrypsinogen (25 kDa; 92.3 ml). The peaks of catalase and aldolase overlap resulting
in a single peak at 66.3 ml. D, left panel, Western blot analysis (WB) of the G-TSK fraction and the fractions eluted from the Superdex-200 column. Right panel, Coomassie staining (CB)
of marker proteins (M1 and M2) and pooled fractions 9 –14 (F9 –14) of GARP2 and pooled fractions 5 and 6 (F5– 6) of GARP1 eluted from the Superdex-200 column. The Western blot
analysis shown in B and D was performed using the polyclonal antibody FPc52K (anti-GARP) raised against the GARP proteins (3).

TABLE 1
Stokes radii (Rs) and hydrodynamic volumes (Vh) for native and fully
unfolded GARPs, experimental and theoretical values
The abbreviations used are as follows: N, native; U, unfolded; MM, molecular mass
(in daltons); n, number of amino acid residues.

Protein
Measured Calculated

folded
Calculated
unfolded

RS Vh RS (N)a Vh (N)b RS (U)c Vh (U)d

Å Å3 Å Å3 Å Å3

GARP1 65 1,150,679 33.2 147,012 76.1 1,405,194
GARP2 48 463,380 25.6 70,945 52.4 507,639

56e 735,245 — — — —
a Log RS (N) � 0.369 � log (MM) � 0.254.
b Log Vh (N) � (2.197 
 0.037) � (1.072 
 0.015) � log n.
c Log RS (U) � 0.533 � log (MM) � 0.682; V � 4/3� RS3.
d Log Vh (U) � (1.997 
 0.078) � (1.498 
 0.035) � log n.
e RS value of GARP2measured under denaturing conditions (6 M guanidiniumHCl).
f —, not applicable.
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Dynamic Light Scattering of Purified Native GARPs—We examined
the hydrodynamic properties of GARPs by another independent tech-
nique. Dynamic light scattering is a measure of the diffusion coefficient
that depends on the size and shape of the protein. The RS values for
native GARP1 and GARP2 are 76 and 50 Å, respectively. The RS values
varied somewhat for different hydrodynamic techniques (Table 2).
Because globular proteins serve as reference for most of the techniques
used, we reasoned that the variability in the results obtained for GARP
proteins is because of the different influence of conformation on the RS

values obtained by different methods.
One-dimensional 1H NMR Spectroscopy of Full-length Recombinant

GARP2—NMR chemical shifts carry information on the conformation
of proteins. In particular, the existence of the tertiary structure of a
protein can be established by one-dimensional proton NMR spectra.

Recombinantly expressed and purified GARP2 carrying a His tag was
studied by proton NMR spectroscopy. Fig. 3A shows proton chemical
shifts of rGARP2 at pH 5.2. The spectrum at pH 6.8 was similar to that
at pH 5.2 (data not shown). These spectra are similar to those observed
for small unstructured peptides (52) and are very different from a folded
protein. For comparison, a one-dimensional proton NMR spectrum of
carbonic anhydrase, a protein with a molecular mass similar to that of
GARP2 and with a stable fold, is shown in Fig. 3B. In contrast to car-
bonic anhydrase, the resonances of the GARP2 protein’s methyl group
protons (at 0.9 and 0.95 ppm) and amide groups (around 8.4 ppm) along
with very limited spectral dispersion of these signals strongly indicate
the lack of stable tertiary structure. The presence of isolated or residual
secondary structure elements cannot be excluded by proton NMR data
alone.

CD Studies on Native GARPs—To characterize the secondary struc-
ture of GARP proteins, we used CD spectroscopy. Far-UV CD spectra
allow estimation of �-helical, �-sheet, and random coil content of pro-
teins. Typically, the far-UV CD spectra of polypeptides with extensive
�-helical structure display two characteristic negative minima near 208
and 222 nm; �-sheet structure yields a negative minimum at 215 nm;
and random coil is characterized by a negative minimum around 200
nm and low ellipticity at 222 nm (see Fig. 3C, dotted line, for bovine
serum albumin). The CD spectra of GARP1 and GARP2 show an
intenseminimum at 201 and 204 nm, respectively, indicating that unor-
dered regions contribute to the spectrum of both proteins (Fig. 3C,
dashed and solid lines, respectively). However, the positions of the min-
ima indicate that both proteins are not entirely composed of random
coil. Furthermore, the slight negative ellipticity at 222 nm indicates
contributions from �-helical regions. This effect is more pronounced in
GARP2 than in GARP1 (Fig. 3C).
We have calculated the secondary structure content for GARPs from

the far-UV CD spectroscopic data (www.cryst.bbk.ac.uk/cdweb) (25,
26). Best fits were obtained using the CDSSTR algorithm (27, 33, 34),

FIGURE 3. Structural features of GARP proteins.
A, analysis of rGARP2 with proton NMR spectros-
copy. The one-dimensional proton NMR spectrum
of 0.1 mM rGARP2 at pH 5.2 is shown. The spectral
region that is affected by suppression of the water
signal is indicated. B, one-dimensional proton
NMR spectrum of carbonic anhydrase (1 and 20
mM sodium phosphate, pH 6, 20% D2O) as a con-
trol for a folded protein of size similar to that of
GARP2. C, analysis of GARP proteins with CD spec-
troscopy. Far-UV CD spectra of purified native
GARP1 (–�–�–), purified native GARP2 (O), and of
bovine serum albumin (����) as a control in the same
buffer are indicated. All far-UV CD spectra were
measured at 25 °C and pH 7.4 in cuvettes with a
path length of 0.2 cm; GARP1 is 0.15 mg/ml; GARP2
is 0.1 mg/ml; and bovine serum albumin is 0.15
mg/ml.

TABLE 2
Hydrodynamic properties of GARP proteins using various
biophysical techniques

Method of
analysis

Calculated/apparent mass and RS
a

GARP1 GARP2
Mass RS Mass RS

kDa Å kDa Å
Amino acid
composition

64.5 33 31.9 25

SDS-gel
electrophoresis

130 —b 62 —

Size-exclusion
chromatography

485 
 20 65 
 3 (11) 200 
 12 48 
 2 (11)

MALDI-TOF NDc ND 32 
 0.02 (2) ND
Dynamic light
scattering

390 
 30 76 
 5 (4) 170 
 10 50 
 4 (5)

Native gel
electrophoresis

ND ND 92 
 12 (3) —

a Mean 
 S.D. (number of measurements); mass was calculated from the mean
Stokes radius.

b —, not applicable.
c ND, not determined.
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which predicts an �-helical content of 28% in GARP2 and 11% in
GARP1. These results are consistent with the secondary structure pre-
diction obtained from amino acid sequence analysis, which predicts 22
and 13% helical content for GARP2 and GARP1, respectively. Second-
ary structure is predicted to occur primarily in the regions of the con-
served repeats R1–R4. Considering that the length of GARP1 is twice
that of GARP2 and assuming that most of the structural content is
confined to the repeat regions, we can conclude that the highly charged
C-terminal half of GARP1 that is absent in GARP2 is primarily
unordered.

NMR and CD Investigations of Peptides Corresponding to the Repeat
Regions—To test the hypothesis that the repeat regions contribute to
the presence of residual structure observed in the overall unfolded
GARP proteins, we synthesized four peptides corresponding to the four
repeat regions R1–R4 of GARPs, based on the highest propensities for
order resulting from the PONDR analysis shown in Fig. 1, C and D.
These peptides (14–18 amino acids long, derived from the sequence of
bovine GARPs; Fig. 1A, lower panel) were subjected to NMR and CD
measurements to investigate the presence of tertiary and secondary
structure, respectively. Natural abundance 15N,1H-HSQC spectra of
R1–R4 peptides in water at pH 3 are shown in Fig. 4, A–D. In all four
spectra, the resonances are well resolved because of their spectral dis-
persion. This suggests that these peptides contain tertiary structure ele-
ments. The presence of structure in these peptides is also supported by
the CD spectra, as shown in Fig. 4E. In all four peptides, deconvolution
of the spectral components as described above and under “Experimental
Procedures” suggests the presence of �28% �-strand, 15% turn, 3–4%

helix, and 54% random coil. The measurements were carried out in
water at pH 3 and pH7, and in the buffer used for theCDmeasurements
of the full-length protein. In the presence of 99% trifluoroethanol (Fig.
4F), helix content increased to 23%, decreasing the random coil content
to less than 33%, although �-strand and turn contents remained essen-
tially unchanged. Taken together, these results support the notion that
peptide repeats R1–R4 are partially structured. Although the full-length
protein did not show evidence of �-strand, this is more likely due to the
fact that �-structure is more difficult to detect, in particular in the pres-
ence of the overwhelming contributions from random coil in the full-
length protein. The propensity for helix seen in the full-length protein is
encoded in the peptides but requires stabilization through the addition
of trifluoroethanol, a known helix inducer (53), and possibly portions of
the full-length protein.

Analytical Ultracentrifugation—Although the results of size-exclu-
sion chromatography and dynamic light scattering are consistent with
the idea that GARPs are largely unstructured, these methods do not
exclude the possibility that GARPs form homo-oligomers. This is
because of the fact that these techniques cannot distinguish contribu-
tions of mass and shape to diffusion. In contrast, analytical ultracentrif-
ugation can be used to determine directly the molar mass or the state of
association ofmacromolecules (54). Therefore, we have carried out ana-
lytical ultracentrifugation experiments of GARP1 and GARP2 with and
without the nonionic detergentC12E9. The results forGARP2 are shown
in Fig. 5, and the results for GARP1 are shown in Fig. 6.
Sedimentation velocity experiments provide a qualitativemeasure for

size and shape distributions of proteins (for review of the method see

FIGURE 4. Structural features of peptides con-
taining GARP repeat motifs R1–R4. A–D, natural
abundance two-dimensional 1H,15N-HSQC spec-
tra of 1.5 mM unlabeled peptides in 90% H2O, 10%
D2O, pH 3, at 298 K. 1H chemical shifts were refer-
enced to sodium 3-trimethylsilyl-2,2,3,3,-d4-pro-
prionate and 13C and 15N chemical shifts were cal-
culated from the 1H frequency (24). The peptides
correspond to the following sequences: R1, MLG-
WVQRVLPQPPG; R2, VLTWLRKGVEKVVPQPAH; R3,
LLRWFEQNLEKMLPQPPK; and R4 LMAWILHR-
LEMALPQPV. E, CD spectra of R3 in water pH 3,
water pH 7, and CD buffer used in Fig. 3B. Experi-
ments of R1, R2, and R4 gave similar results (data
not shown). F, CD spectrum of R3 in 99.5% triflu-
oroethanol (TFE). Concentration of peptide was
0.1 mg/ml in all cases.
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Refs. 55–58). The application of this method to the study of GARP2 in
the absence of detergent is shown in Fig. 5A. The experimentally
observed absorbance as a function of rotor speed and time (A(r,t)) was
analyzed using the sedimentation coefficient distribution method,
referred to as the c(s) method (40, 41), which assumes a continuous
sedimentation coefficient distribution. A good fit was obtained with a
rootmean square error of 0.01172 absorbance units. A dominant, broad
peak was observed between �1 S and 2.2 S. Because the relative area
under a peak is directly proportional to the concentration of the respec-
tive species, we estimated that this peak accounts for �75% of the total
absorbance at 230 nm. The broadness of this signal is indicative of
sample heterogeneity. This conclusion is further supported by the pres-
ence of several additional minor peaks at higher sedimentation
coefficients.
Next, we quantified the underlying cause for heterogeneity observed

with sedimentation velocity using the sedimentation equilibrium
method under the same experimental conditions. Sedimentation equi-
librium studies allow the direct identification of the oligomerization
state of a protein in solution (36). The results obtained with GARP2 in
the absence of detergent are shown in Fig. 5, B and C. The A(r) distri-
butions (Fig. 5B) could be fitted with high precision to a model consist-
ing of a mixture of monomers, dimers, and tetramers (Fig. 5C). The

GARP2 monomer was the predominant component with a relative
amount of �48%, closely followed by the tetramer species (�37%). The
smallest component was that of the dimer with �15% of the total mix-
ture. The addition of higher oligomers (n �4) in the analysis did not
improve the quality of the fit. Assuming a mixture of monomers, trim-
ers, and hexamers resulted in a worse fit of the data, increasing the sum
of the squared residuals by�10% (data not shown). Thus, we concluded
that GARP2 in the absence of detergent exists as a mixture of mono-
mers, dimers, and tetramers.
In contrast to the results obtained for GARP2, sedimentation equi-

librium analysis of GARP1 indicated that the protein was present as an
equal mixture of monomers and dimers (Fig. 6B). There was no evi-
dence for the presence of higher order oligomers (Fig. 6A).
Finally, we examined the possibility that the existence of GARP oli-

gomers results from unspecific aggregation by repeating the above
experiments in the presence of C12E9 at concentrations below its critical
micellar concentration (�C12E9� 1.05 g/ml). Fig. 5D shows the sedimen-
tation velocity of GARP2 in the presence of 0.004% (w/v) C12E9. The c(s)
analysis of the A(r,t) data resulted in a good fit (root mean square error
0.009133 absorbance units) with amajor peak at a position similar to the
one observed in the absence of detergent. Again, additionalminor peaks
were observed at higher sedimentation coefficients. The most signifi-

FIGURE 5. Sedimentation analysis of purified
GARP2. A–C, experiments in the absence of deter-
gent. A, sedimentation velocity analysis of GARP2.
Best fit sedimentation coefficient distribution c(s),
calculated from the experimental sedimentation
velocity data A(r,t) by the c(s) method (40). B, sedi-
mentation equilibrium experiment. Upper panel,
experimental A(r) data (E), best fit assuming a
monomer/dimer/tetramer model of self-associa-
tion (O), and calculated local contributions of
GARP2 monomers (����), dimers (- - - -) and tetram-
ers (–�–�–). Lower panel, local differences of �A(r)
between experimental and fitted data. C, evalua-
tion of the statistical accuracy for the calculated
relative absorbance contribution of the different
GARP2 oligomers: changes in the sum of the
squared residuals, 	, of the fits to the data from B
that result from one nonoptimal absorbance
parameter (37, 39, 57). The minima of the curves
correspond to the best-fit values for the relative
concentration of each GARP2 oligomer in the sam-
ple. Initial protein concentration is A280 nm

1.2 cm (r) �
0.12 (3.75 �M). Solution is 20 mM BTP, pH 7.4, con-
taining 130 mM NaCl, 1 mM MgCl2, and 2 mM DTT.
Rotor speed for the sedimentation velocity exper-
iment is 40,000 rpm and for the sedimentation
equilibrium experiment is 16,000 rpm. D–F, similar
experiments as in A–C in the presence of the deter-
gent C12E9. The meaning of curves and symbols is
the same as that of A–C. D, sedimentation velocity
experiment. E and F, sedimentation equilibrium
experiment. Initial protein concentration is A280 nm

1.2 cm

(r) � 0.35 (10.9 �M). Solution is 20 mM BTP, pH 7.4,
containing 130 mM NaCl, 1 mM MgCl2, 2 mM DTT
and 0.004% (w/v) C12E9. Rotor speed for sedimen-
tation velocity experiment is 45,000 rpm, and for
sedimentation equilibrium experiment is 20,000
rpm.
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cant difference to the results obtained in the absence of detergent was a
sharpening of the major peak, which could now be resolved as two
separate but overlapping peaks, one with maximum around 1.2 S and
the second with maximum around 1.9 S.
Again, the underlying distribution of oligomers was analyzed using

sedimentation equilibrium analysis, now in the presence of detergent.
The experimental A(r) distributions of GARP2 were fitted perfectly,
assuming the presence of monomers, dimers, and tetramers. A typical
example is shown in Fig. 5, E and F. The relative concentrations of the
three components in the sample were 33%monomers, 48% dimers, and
19% tetramers. The fit did not improve by considering higher oligomers
for the analysis and fits based on a monomer/trimer/hexamer model
increased the sum of the squared residuals by more than �10%. We
concluded that the oligomerization state of GARP2 in buffers contain-
ing low concentrations of detergent is shifted toward the dimer, signif-
icantly reducing the presence of tetramers as compared with in the
absence of detergent.
Similar experiments were performedwith GARP1 in buffers contain-

ing 0.002% (w/v) C12E9 (Fig. 6, C and D). The experimental A(r) distri-
butions were essentially identical to those observed in the absence of
detergent (Fig. 6,A andB). Excellent fits were obtained by assuming that
the protein exists as monomers and dimers, at approximately equal
proportions. The consideration of higher oligomers did not improve
significantly the quality of the fits. Thus, low concentrations of C12E9 do
not affect the association behavior of GARP1, lending credence to the
notion that GARP1 dimers are not the result of unspecific aggregation.

Chemical Cross-linking of Purified GARP2 Protein—The results of
analytical ultracentrifugation establish that under native-like conditions
GARPs exist in a monomer-multimer equilibrium. The biophysical
characterization of GARP2 shows that it belongs to the class of natively
unfolded proteins. This suggests that the low mobility on SDS-PAGE is
likely because of the poor binding of SDS and/or the unusual shape
rather than dimerization under the SDS-denaturing conditions. There-
fore, we concluded that the band of GARP2 (62 kDa) in SDS-PAGE

corresponds to the monomer. To examine further the oligomeric state
of GARP2, we studied chemical cross-linking by using two different
agents, amino-specific BS3 and thiol-specific BMDB. Incubation of the
GARP2 protein with both cross-linking reagents resulted in a decrease
of theGARP2 signal corresponding to themonomer on SDS-PAGE, and
in the formation of cross-linked products with the molecular mass cor-
responding to the predicted dimers and tetramers (Fig. 7). The anti-
GARP antibody recognized bands of 62, 125, and 246 kDa in case of
native GARP2 cross-linked with BS3 (Fig. 7). Native GARP2, when
cross-linked using the thiol-specific cross-linker BMDB, resulted in
products corresponding to monomers and dimers. In either case,

FIGURE 7. Chemical cross-linking of purified native GARP2 protein. Purified GARP2
protein (100 ng) was cross-linked with 0.5 mM BS3 (lane b) and 2.5 �M BMDB (lane c). The
reaction was stopped after 1 h, the cross-link products were separated by 4 –12% SDS-
PAGE and transferred to polyvinylidene difluoride membranes. The Western blot was
labeled with polyclonal anti-GARP antibody (3). Lane a represents native GARP2 protein
before starting the cross-linking reaction.

FIGURE 6. Sedimentation equilibrium analysis of
purified GARP1. A and B, experiments in the absence
ofdetergent.A,sedimentationequilibriumexperiment.
Upper panel, absorbance (A280 nm

1.2 cm ) as a function of the
radial position r (E), and least squares fit to the
data assuming the presence of GARP1 mono-
mers and dimers (O). The plot also shows the
calculated absorbance contribution of the mon-
omer (����) and dimer (- - - -). Lower panel, local
differences �A(r) between experimental and fit-
ted data. B, statistical analysis as in Fig. 5C. Buffer
conditions and symbols are as described in Fig.
5, B and C. C and D, similar experiments in the
presence of the detergent C12E9. The meaning
of curves and symbols is the same as that of
parts Fig. 5, B and C. All other conditions are as in
Fig. 5, E and F. Initial protein concentration is
A280 nm

1.2 cm (r) � 0.12 (2 �M). Solution is 20 mM BTP,
pH 7.4, containing 130 mM NaCl, 1 mM MgCl2, 2
mM DTT and 0.002% (w/v) C12E9. Rotor speed is
16,000 rpm.
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increasing cross-linking time (up to 3 h) resulted in the total disappear-
ance of the monomeric GARP2 (data not shown). No oligomers higher
than tetramers were observed with either cross-linker. These results are
consistent with those of the sedimentation equilibrium analysis and
strongly support the notion that GARP2 exists as monomers, dimers,
and tetramers.

DISCUSSION

A key finding of this work is that GARPs belong to the class of
“natively” unfolded or IUPs. Recent studies have shown that unstruc-
tured proteins can be discriminated from globular proteins with high
confidence solely on the basis of their sequence (18, 45, 59, 60). The
GARP sequences display all the hallmarks of unfolded proteins as fol-
lows: low abundance of hydrophobic and order-promoting amino acids
and high abundance of charged and disorder-promoting residues
resulting in a low hydrophobicity and high net charge. The hydrody-
namic properties of GARPs as revealed by dynamic light scattering and
size-exclusion chromatography are consistentwith an extended confor-
mation. Furthermore, CD and NMR spectra revealed little secondary
and tertiary structure. The only regions predicted to be ordered are the
conserved repeats R1–R4, each �14–18 amino acids in length. CD and
NMR spectroscopic investigations of peptides corresponding to these
repeats experimentally confirmed the presence of significant structure
in these regions. The flexible unfolded nature ofGARPswas also evident
from cryoelectron microscopy studies of the rod cGMP-gated channel,
where no electron density could be detected for the GARP� part in the
reconstruction of electron microscopic images (61).
It remains an unanswered question as to what extent IUPs experi-

mentally observed to be unfolded in vitro are unfolded in vivo. For
example, it was shown that FlgM, an intrinsically disordered protein,
gains structure inside living E. coli cells (62). Because high concentra-
tions of glucose induce the same structure in vitro, it is assumed that
structure formation in vivo is also because of the cellular milieu rather
than specific interactionswith other proteins.However, it remains a fact
that proteins that are observed to be unfolded in dilute solution are
thermodynamically less stable than those that maintain their structure
in dilute solution. Thus, the low stability of FlgM has been speculated to
facilitate secretion through the membrane (62). Generally, it has been
suggested that the functions of IUPs fall into five broad categories that
are by no means exclusive (45): entropic chains, springs, or bristles,
which regulate spacing between components; scavengers, which store
or bind small ligands; assemblers, which organize large multiprotein
complexes; effectors, whichmodify the activity of a partner protein; and
display sites, which regulate post-translational modifications. GARP
proteins may serve several of these functions.
First, because of the interaction with peripherin, the GARP� part of

the B1 subunit tethers the cGMP-gated channel to the disc rim. The
tethering is expected to enforce an uneven distribution of the channel in
the plasmamembrane with a higher concentration at the height of each
disc (Fig. 8). The spacing of channel rings along the axis of the outer
segment would be determined by the spacing of the discs (300 Å (17)).
Because the B1 subunit is much less abundant than peripherin (22, 63,
64), GARP2 may bind to peripherin molecules that are not engaged by
the GARP� part of the B1 channel subunit. Peripherin forms homotet-
ramers and heterotetramers with rom-1 at the rim of discs (64, 65).
Considering that GARPs exist in a monomer/dimer/tetramer equilib-
rium, it is plausible that four GARP molecules interact with tetrameric
peripherin. Because cGMP-gated channels contain one B1 subunit and
becauseGARP2 is 5-foldmore abundant than B1, it is also plausible that

three GARP2 molecules and one B1 subunit interact with peripherin
tetramers.
TheC terminus of peripherin has been reported to inducemembrane

fusion (66). The capping of peripherin by GARP2may prevent fusion of
disc and plasma membrane or fusion between discs at the swellings of
the disc rim. Moreover, GARP2 molecules could serve as entropic bris-
tles or brushes that control the entry of other proteins into the space
between disc and plasma membrane. There is massive light-dependent
trafficking of soluble proteins between the outer and inner segment (67).
Translocated proteins must travel up and down the outer segment in
the small space between disc rim and plasma membrane. It is conceiv-
able that an entropic GARP2 brush is involved in the control of this
protein trafficking. Furthermore, GARPs may act as springs in this sce-
nario. A flexible connectionmight be useful during formation of the disc
as it expands and/or during the movement of discs during daily synthe-
sis and turnover for phagocytosis. Electron micrographs reveal fila-
ments between disc and plasmamembrane, but also between the rims of
adjacent discs (17). It needs to be tested by experiment whether the
GARP� part andGARP2 indeed are involved in forming these filaments.
A schematic illustration of this hypothesis is depicted in Fig. 8.
Second,GARPsmay also serve as scavengers. The cGMP-gated chan-

nel is highly permeable to Ca2� ions (for review see Ref. 15), and about
15% of the dark current through cGMP-gated channels is carried by
Ca2� ions (68). The high density of negatively charged glutamate resi-
dues in all GARPs, but in particular GARP1 and the GARP� part of B1,
which both contain a region with more than 60% glutamate residues,
may serve as a low affinity Ca2� buffer that controls the Ca2� concen-
tration profile inside the cell. Most significantly, the cytosolic N-termi-
nal region of the A1 subunit carries a high density of positively charged
amino acids. Not surprisingly, the N terminus is also predicted to be
unfolded (supplemental Fig. 2A). We propose that the N-terminal ends
of the three A1 subunits form a positively charged “fence” that funnels
the passage of Ca2� ions from the inner channelmouth to the negatively
charged GARP (Fig. 8). In conclusion, the juxtaposition of disc and
cGMP-gated channels, the positively charged fence, and the negatively
charged GARP� all may contribute to guide Ca2� fluxes onto the disc
surface where the Ca2�-dependent signaling molecules rhodopsin
kinase and guanylyl cyclase (GC) and their respectivemodulators recov-

FIGURE 8. Model of protein-protein interactions between the GARP� part/GARP2
and the rim of discs. The GARP� part and GARP2 are shown in light and dark green,
respectively. For simplicity, the GARP� part and GARP2 are not drawn to scale. ABCR,
retinal ATP binding cassette transporter; ROM, integral membrane protein that associ-
ates with peripherin-2.
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erin and guanylyl cyclase-activating proteins are located (for review see
Refs. 69 and 70).
Finally, GARPs may serve as assemblers. The rim region is a special-

ized compartment that is crowded with proteins. GARPs may organize
a multiprotein complex at the disc rim (3). By using peptide affinity
chromatography, Körschen et al. (3) found that retinal ATP binding
cassette (ABCR) transporter, PDE, and GC interact with peptides rep-
resenting repeats R1–R4, although by using co-immunoprecipitation,
no interaction was detected with ABCR and GC (13). Unstructured
proteins are inherently flexible, and their local and global structures can
be easily shaped by their environment. In fact, unstructured proteins or
domains are often induced to fold by interaction with other proteins or
ligands. Such plasticity might allow a protein to recognize and interact
withmultiple biological targets without sacrificing specificity. The price
of coupled folding and binding is that free energy must be expended to
promote an induced folding transition. Consequently, the interaction is
expected to result in binding of lower affinity. Moreover, the affinity
withwhich an unstructured protein binds to its targetmay be controlled
by other proteins within an oligomeric complex. Therefore, the findings
by Körschen et al. (3) and Poetsch et al. (13) may be reconciled by
assuming multiple and dynamic interactions ranging from low to high
binding affinities. It is noteworthy that only a small fraction of GARP2
interacts with peripherin (	10%) (13), suggesting that the interaction is
in fact weak, and a stronger interaction may require the presence of
additional partners in a physiological milieu provided by the photore-
ceptor. Mice that are lacking the B1 gene failed to respond to light,
because trafficking of the A1 subunit to the outer segment is abolished,
whereas the initialmorphology of the rodwas intact (71). These findings
suggest that the interaction between the B1 subunit and the disc rim is
important for targeting of the channel to the outer segment rather than
for the integrity of the rod morphology.
Which domains of GARPs and peripherin are involved in the inter-

actions? Repetitive segments have been shown to carry crucial func-
tion(s) in some of the well characterized IUPs (45, 60). In fact, peptides
representing the four repeats interact with several other proteins of
ROS, including the ABC transporter, GC, and PDE (3). Most signifi-
cantly, from the 63-residue-long C terminus of peripherin, 35 residues
are predicted to be intrinsically unfolded (supplemental Fig. 2B). It
needs to be shown by future work whether R1–R4 are involved in bind-
ing peripherin andwhether the C-terminal end of peripherin undergoes
a folding transition upon binding of GARPs. Because peripherin forms
tetramers or higher order oligomers, each of the four repeats may inter-
act with one peripherin subunit only. Furthermore, in the absence of
peripherin, the four repeats may assist in forming GARP tetramers.
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