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ABSTRACT. RPEG5 is the major component of the retinal pigment epithelium (RPE) microsomal membrane,
and it plays a critical role in the binding of retinoids involved in the visual cycle. To understand how
RPEG65 binds to membranes, we have expressed and purified soluble fragments of human RPEG5 fused
to glutathioneS-transferase (GST). The interaction between two fragments of RPE65 (F1 and F2 which
include residues 1125 and 126250, respectively) and lipid monolayers has been studied by surface
pressure, ellipsometry, and surface rheology measurements. Surface pressure and ellipsometry clearly
showed a rapid adsorption of F2 to lipid monolayers whereas the kinetics of binding of F1 was much
slower. Furthermore, the data suggest that the F2 fragment inserts into the lipid monolayer. Surface rheology
showed a clear increase in monolayer rigidity only in the presence of F2, thereby demonstrating high
intermolecular interactions of this fragment. This observation is further supported by the GST pull-down
assays which demonstrated that F2 cosediments with full-length RPE65, suggesting that RPE65 has the
propensity to form clusters or oligomers. The structure homology modeling of RPE65 based on a related
family member, apocarotene '1B5-oxygenase, further suggests that a hydrophobic patch located in the

F2 region might be responsible for membrane binding. The present work shows that F2 interacts much
stronger with lipid monolayers than does F1, which suggests that the region of RPE65 located between
residues 126250 should be very important for its membrane binding. Moreover, given that these fragments
are not acylated, these data also suggest that an effective binding of RPE65 to membranes can be achieved
without palmitoylation. Furthermore, GST pull-down assays also indicated that F2 interacts weith 11-
retinol dehydrogenase, which supports previous data suggesting that it could act as a partner of RPE65.

Vertebrate phototransduction is initiated by photochemical which processes these esters into cigtretinol (9—12).
reaction in which the chromophore of rhodopsin, cig- RPEG65 was demonstrated to play an essential role in this
retinal, undergoes isomerization to &tknsretinal (1). This enzymatic cascadd 3, 14). Recently, RPE65 was identified
isomerization induces the formation of the active form of as the isomerase by demonstrating its enzymatic activity in
rhodopsin, metharodopsin Il, which decays to yield the Sf9 cells that express RPE635 16). Indeed, RPE65
aporhodopsin and to finally lead to the release ofralhs knockout mice are unable to substantially produceciki-
retinal @, 3). The retinoid cycle is an enzymatic cascade retinoids, and altransretinyl esters were found to ac-
taking place both in photoreceptors and in retinal pigment cumulate in the RPE of these mic&7}.
eplthellum (RPE},Where a.”tra.ns—retinal iS I’econverted intO RPEGS is the major Component Of the RPE microsoma'
1l<isretinal @—6). Two essential reactions occurring in - membranes, and it demonstrates high affinity for phospho-
the RPE involve lecithin retinol acyltransferase (LRAT) ( |ipids (18). The fact that no transmembrane region can be
8), which produces alransretinyl esters, and an isomerase deduced from its primary sequence suggests that RPE65 is

a peripheral membrane protein rather than an integral
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baculovirus. These fragments were thus used for membraneST buffer. The estimated purity on gel was about 95% for
binding experiments using lipid monolayers at the-aater RPEG5 fragments. The yield of purified protein for F1 and
interface as membrane models. The ellipsometric measure+2 is 1.5 and 2 mg/L of bacterial culture, respectively. For
ments allowed to show that one fragment strongly binds to membrane binding studies, RPE65 fragments were dialyzed
phospholipid monolayers. Recent structure determination of against 5 mM Hepes, pH 7.5, containing 100 mM NacCl.
the apocarotenoid 135-oxygenase (ACO)X1), a sequence  Protein concentration was determined by the BCA method
homologue protein showing 25% identity with RPEG65, (Bio-Rad). Recombinant GST was purchased from Amer-

allowed us to generate a RPE65 structure homology model.sham Bioscience.

This model highlights a hydrophobic patch located in a region
as a putative membrane binding fragment of RPEG65.

Ellipsometric and Surface Pressure Measuremente
ellipsometric measurements were carried out with a null

Moreover, surface rheology with this fragment demonstrated ellipsometer described elsewhegl), The variation of the
a clear increase in monolayer rigidity, suggesting that RPEG5 ellipsometric angle ) is a relevant probe of changes

has the propensity to form oligomers or clusters in mem-

branes. Furthermore, the GST pull-down experiments al-

lowed us to identify a partner of this RPE6E5 fragment, 11-
cis-retinol dehydrogenase (11RDH), an enzyme involved in
the retinoid cycle.

EXPERIMENTAL PROCEDURES

occurring at the interface. Basically,is related to the phase
difference between vertical and horizontal beam polarizations
and proportional to the amount of protein adsorbed at the
interface. Surface pressuravas measured using a Wilhelmy
balance, simultaneously with the measurementd @fith

an accuracy of+0.5 mN/m and+0.5° for & and 9,
respectively. The circular Teflon sample cell has a diameter

Expression of Human GST Fusion Fragments of RPE65 of 48 mm and a subphase volume of 8 mL. An automated

in E. coli. RPE65 cDNA was obtained by RT-PCR from
human RPE cell mRNA. The full-length RPE65 sequence
(GenBank accession number U18992p)(was blunt end
ligated into a subcloning vector (pUC19; Fermentas) using
the Smad site. The sequences of three different fragments
(F1, F2, and F3) of RPE65 were amplified by PCR using
the following primers: F1, sense, ATATGAATTCCCTC-
TATCCAGGTTGAGCATCCT, and antisense, ATCCGCG-
GCCGCTCATCCTCGAAAGTAAGAAAAAAA; F2, sense,
GTAAGAATTCCCGTAGAGGTTACTGACAATGCC, and
antisense, AGTAGCGGCCGCTCAGATATAGTTGGGAG-
TCAGACC,; F3, sense, AATGGAATTCCCGTTTTTGTG-
GAGACACCAGTC, and antisense, TTCCGCGGCCGCT-
CAAGATTTTTTGAACAGTCCATG. Each fragment has
been ligated into pGEX-4T-2 (Amersham) digested with
Ecdrl and Notl endonucleases. The reading frame and

sequence of the insert were confirmed by automated se-

quencing. The resulting pGEX-4-T2 clones, in fusion with
the C-terminal end of GST, are encoding residued25
for F1, 126-250 for F2, and 251533 for F3. The estimated

device, using a motor-driven syringe, accounts for the water
evaporation by automatically injecting water to the sample
cell to maintain a constant subphase level. All experiments
were carried out at 20C. Lipid monolayers were formed
by spreading a known volume of dioleoylphosphatidylcholine
(DOPC) (Avanti Polar Lipids) at the aitbuffer interface
from a 0.5 mM chloroform solution using a gastight syringe
until the desired surface pressure of 10 mN/m is reached.
Solvent is then allowed to evaporate for approximately 15
min. Initial time points of all graphst (= 0) correspond to
the first measurements, once the surface is stable. The
zwiterionic DOPC has been used so as to optimize the
putative binding of RPE65 fragments by avoiding the effect
of lipid polar head charges on monolayer binding. Protein
solution can be injected through a hole performed in the
sample cell, to a final protein concentration of A§/mL.

The buffer used as subphase was 5 mM Hepes (pH 7.5) with
100 mM NaCl. The specific resistivity of ultrapure water
used to prepare aqueous solutions was 18P Q-cm (Milli-

Q; Millipore, Bedford, MA).

expected molecular mass of fusion constructs are 40 kDa Surface Rheologythe rheometer setup and the procedure

for both F1 and F2 and 57 kDa for F3. Expression of the
fragments was performed as followed: A single colony of
DH-5a transformed with the plasmid of interest was grown
overnight in 5 mL of % YT (yeast-tryptone) medium
containing 10Qug/mL ampicillin. Overnight cultures were
diluted 1:100 to inoculate a large-scale culture, which was
then induced with 0.1 mM IPTG at Q) = 0.8. After
induction, bacteria were grown at 3T for 3 h, pelleted,
and frozen at-80 °C. The majority of protein expression
was found as inclusion bodies. The solubilization and
purification procedure was adapted from Frangioni et?). (
Briefly, 100 mL culture pellets were resuspended in 20 mL
of STE (10 mM Tris, pH 8.5, 150 mM NaCl, 1 mM EDTA),
incubated on ice with 10Qug/mL lysozyme, and then
adjusted to 5 mM DTT. Bacteria were lysed with the addition
of 1.5% sarkosyl (Sigma), sonicated, and clarified at 15000
(30 min, 4°C). Supernatants were adjusted to 2% Triton
(Fischer) and appliedma 5 mL GSTrap HP column
(Amersham Biosciences). Following column wash with 50
mL of STE and 10 mL of ST (10 mM Tris, pH 8.5, 150
mM NacCl), proteins were eluted with 40 mM glutathione in

for data collection and analysis have been previously
described 25). Briefly, this rheometer uses the action of a
very light float (32 mg), which applies a rotational strain to
the monolayer through a magnetic torque (with a pair of
Helmholtz coils and a small magnetized pin deposited on
top of the float). The float is a 10 mm diameter paraffin-
coated aluminum disk deposited at the-airater interface.
The DOPC monolayer is then spread as described above,
and the rigidity is measured. The protein sample is then
injected into the subphase, and the rigidity is measured. The
Teflon sample cell used for these measurements is the same
as that described above. The float carrying a small magnet
is kept centered by a permanent fieBh, = 6 x 105 T,
parallel to the earth’s field which is created by a little
solenoid located just above the float. Sensitive angular
rotation of the float is achieved by using a mirror fixed on
the magnet to reflect a laser beam onto a differential
photodiode. A sinusoidal torque excitation is applied to the
float in the 0.00%100 Hz frequency range by an oscillating
field perpendicular to the permanent solenoid field. The latter
field acts as a restoring torque equivalent to a monolayer



Interaction of RPE65 Fragments with Membranes Biochemistry, Vol. 45, No. 10, 2006339

with a rigidity of 0.16 mN/m. This number sets the sensitivity or quadruply charged ions were selected for passage into a
of the rheometer. The data presented here provide informa-collision cell. Fragmentation was facilitated by collision with
tion on the shear elastic constant or surface rigiditgmN/ nitrogen gas, and data were collected. Three scans at a speed
m), as a function of time. Reproducibility for surface of 4000 amu/s fronm/z50 tom/z 1700 were averaged. Peak
rheology measurements is better than 2 mN/m for surfacelists of MS/MS data were prepared using a Mascot peak list
adsorption kinetics. Initial time points of all graphs= 0) generating script on BioAnalyst 1.4 software (Applied
correspond to the first measurements, once the magnetic floaBiosystems) and submitted to Mascot (Matrix Science) for

is centered and stable. All experiments were carried out atidentification by analysis against the NCBI nonredundant
20 °C. database with a 1.5 Da resolution.

RPE Microsomal Membrane Preparation and GST Pull-  RPEG5 Structure Homology Modelinghe homology
Down Experimentsiuman microsomal membrane extracts model of RPE65 was built on the basis of coordinates from
from cultured RPE cells were prepared as previously the crystal structure of ACO (PDB ID 2BIWR() using the
described 26). Cultured RPE cells were pelleted by cen- cPHmodels progran®{). Protein sequence alignments were
trifugation at 20@ for 5 min. The freshly cultured RPE cells performed using the CLUSTALW program with amino acid
were resuspended in TBS (Tris-buffered saline, pH 7.4) classes described by Bork et al4]. Alignments of three-
containing 2 mM phenylmethanesulfonyl fluoride and ho- dimensional structures and structural analyses were per-
mogenized in a Dounce homogenizer on ice. Debris and formed using UCSF Ch|mer2$) |mages dep|ct|ng solvent-

unbroken cells were removed by centrifugation at 3pfa®  excluded molecular surfaces were created with the MSMS
15 min. The microsomes present in the supernatant werepackage 29).

collected by centrifugation at 10009@or 1 h. The pellets
were flash-frozen in liquid nitrogen and stored-&80 °C.
Prior to the binding experiments, the 100908ellets were
thawed and suspended in 20 mM Tris, pH 7.5, containing
150 mM NaCl, 1 mM CaC4 and a protease inhibitor ~In our experiments as well as those reported by ott&f) (
cocktail (Sigma) to a final concentration of 2 mg of total  the full-length RPE65 is not soluble when expresseé.in
protein/mL. The membrane suspension was subsequentlycoli whereas a high yield of expression is obtained with the
passed 10 times through a 22 gauge needle and finallybaculovirus expression system in insect cells. However, most
sonicated with 10 pulses (1 s) using a microprobe. All steps Of the expressed RPEG65 in infected insect cells can be found
were performed on ice or at %C. in inclusion bodies such that only a very small fraction of
The microsomal membrane extract is then added to RPEG5 is soluble, which prevents its use for membrane
immobilized GST-fused RPE65 fragments on glutathiene  binding or structural studies. However, in the presence of
Sepharose 4B beads (Amersham Biosciences). A controldetergent, the use of the baculovirus expression system in
experiment with GST alone has also been performed_ After insect cells allowed to obtain enough RPEG65 to demonstrate
2 h incubation at £C, the beads were washed extensively retinoid binding properties since only a small amount of
with pull-down buffer (20 mM Tris, pH 7.4, 100 mM NaCl,  protein is necessary to perform such spectroscopic measure-

RESULTS
Production of Soluble GST-Fused Fragments of RPEG5.

1 mM CacCl}) by centrifugation at 50§) and bound proteins
were eluted with SDSPAGE loading buffer and separated
on 12% (w/v) SDS-polyacrylamide gels. Following elec-

ments 81, 32).

Given that RPEG5 is a highly insoluble protein, we have
chosen to express GST fusion fragments of this protein. The

trophoresis, gels were analyzed either by Coomassie stainingGST fusion protein system is a widely used recombinant
or by western blot. For the latter, gels were blotted onto protein expression system that allows easy purification but,
PVDF membranes (Millipore Corp., Bedford, MA). Blots more importantly in our experiments, a potential increase in
were incubated with 5% (w/v) nonfat dried milk (NFDM) overall solubility of the fused proteir88). It is noteworthy

in TBS-T [TBS containing 0.2% (v/v) Tween-20]. Immu- to mention that the fusion protein of the full-length RPE65
noblots were incubated overnight af@ with mouse anti-  with GST was expressed as insoluble inclusion bodies. Thus,
RPEG5 (1:5000) antibody (kindly provided by Dr. D. GST-fused fragments of RPE65 were expressed to obtain
Thompson) in 1% (w/v) NFDM in TBS-T. After washing, soluble portions of the protein. Since there is no structural
immunoblots were incubated at 2€ with the secondary  information on RPEG65, or any known functional domains
antibody [sheep anti-mouse IgG peroxidase (Sigma Chemicalof the protein, many criteria were considered in order to
Co., St. Louis, MO)] (1:2000) in TBS-T. Immunoblots were express potential domains or motifs of RPE65. Using the

analyzed using a Gel doc imaging system (Bio-Rad).
Protein Identification by LCMS/MSSDS-PAGE gel

Kyte and Doolittle hydropathy index profile34) with the
amino acid sequence of human RPEG65, no significant

bands were excised and digested with porcine trypsin (6 ng/hydrophobic stretches of amino acids can be found, which

uL) for 5 h on aMassPrep robotic workstation (Micromass).
Peptides were extracted in a final volume ofid50f 0.5%
formic acid (v/v) and 9% acetonitrile (v/v). Tryptic peptides

could explain the low solubility of RPE65 or its interaction
with membranes. Furthermore, no consensus was obtained
when using the available structure prediction softwares to

were analyzed on a QTrap 4000 ion trap mass spectrometeidentify hydrophobic regions in RPE65 or any secondary

(Applied Biosystems). Briefly, the sample was applied to a
10 cmx 75um Pico Frit column containing BioBasic C18
packing. Peptides were eluted from the column using-a 10
95% acetonitrile (v/v) gradient containing 0.1% formic acid
(v/v) at a flow rate of 200 nL/min. Eluted peptides were

structural features (GOR, DAS, PSIPRED, SSPR&3
38). Sequence alignments of RPE65 from different species
do not provide any insight on the possible formation of
domains since the sequence identities from human to
salamander RPE65 are more than 8538).(However, the

electrosprayed as they exited the column, and doubly, triply, alignment with other family members of RPE65, such as



3340 Biochemistry, Vol. 45, No. 10, 2006 Trudel et al.

pB-carotene dioxygenase and ACZL), shows variable short 20
sequences. On the basis of these observations, severaf(\ I
constructs of RPE65 were designed. Among these constructs, I F2
two fragments of RPE65, expressed as GST fusion proteins,
were soluble after purification. These are fragments 1 (F1) 15
and 2 (F2) comprising residues—125 and 126250, I
respectively.

F1 and F2 were expressed as inclusion bodies, which were
soluble with 1% sarkosyl, an anionic detergent often used
for the solubilization of inclusion bodies of GST fusion
proteins 23, 40). In addition, they remain soluble after
sarkosyl elimination with buffer exchange on the affinity
column. However, cleavage of the GST fusion partner of
F1 and F2 with thrombin protease rapidly caused their
aggregation, even at low protein concentratiet0(6 mg/
mL). This aggregation further demonstrates the insoluble 0 —
nature of RPE65. One could thus postulate that membranes 0 5 10 15
correspond to a more favorable environment for RPE6G5. Time (hours)
Membrane binding studies were thus performed with GST B 7 7
fusion fragments since the solubility of F1 and F2 is i F2-DOPC
dramatically increased to approximately 2 and 11 mg/mL, I
respectively, when fused to GST. Other GST-fused constructs 25 -
such as the recombinant RPE65, fragment 3 (F3, residues ~
251-533), and fragment 23 (F2—3, residues 126533)
were assayed for their solubility and were found to be
expressed as sarkosyl-insoluble inclusion bodies. Solubili-
zation assays of these inclusion bodies have also been
performed under denaturating conditions in the presence of
guanidine (5 M) or urea (8 M), followed by renaturation by
dialysis or rapid dilution 41). However, only protein
aggregates have been obtained. 10

Surface Pressure and Ellipsometric Measurementse
adsorption kinetics for F1 and F2 as well as pure GST onto I
phospholipid monolayers are shown in Figure 1. It can be 5L
seen that the adsorption of these protein fragments at the 0 5 ime (hours) 10 15
air—water interface in the absence (Figure 1A) and in the

: Ficure 1: Kinetics of adsorption of RPEG5 fragments and GST in
presence (Figure 1B) of a DOPC monolayer leads to an monolayers at the aitwater interface from the measurement of

increase in surface pressurg) @s a function of time. Inthe  grface pressure. F1, F2, and GST are injected into a subphase
absence of a phospholipid monolayer (Figure 1A), F2 shows containing 5 mM Hepes, pH 8.0, and 100 mM NaCl (A) in the
a very fast and large extent of adsorption as demonstratedabsence (F1, F2, and GST) or (B) in the presence (G30PC,
by its kinetics of adsorption and the high surface pressure F1~DOPC, and F2DOPC) of a DOPC monolayer which has been
obtained at saturationz(= 16.2 mN/m) in contrast to F1, ggggg?rg?o?}t iﬁot?eNéprnor o protein injection. The final protein

- S . phase is A§/mL.
which shows a very slow kinetics of adsorption and the small
value of surface pressure reached at saturation .5 mN/ The evolution of the ellipsometric angfeas a function
m). The adsorption of GST alone at the-aivater interface of time upon adsorption of F1, F2, and GST in the presence
shows a rapid increase of surface pressure to a value ofand in the absence of a DOPC monolayer is presented in
approximately 7 mN/m at saturation. Given that RPE65 Figure 2. In the absence of a DOPC monolayer, ellipsometric
fragments F1 and F2 are in fusion with GST, this tensioactive angles of 1.2and 2.2 are reached at saturation after several
behavior of GST suggests that it partly contributes to the hours of adsorption of F1 and GST, respectively. In contrast,
adsorption behavior of F2 but not that of F1 since the affinity a much higher ellipsometric angle of 9.5 obtained much
of F1 toward the interface is very low. These data indicate faster (1.5 h) after injection of F2 into the subphase. The
a strong surface activity of F2 whereas that of F1 is much same experiments were carried out in the presence of a
smaller. When these protein fragments are injected under-DOPC monolayer equilibrated at an initial surface pressure
neath a DOPC monolayer (Figure 1B) equilibrated at an of 10 mN/m. The DOPC monolayer contributes to the
initial surface pressure of 10 mN/m, a similar behavior to ellipsometric signald = 2.8°) (see dashed lines in Figure
that observed in the absence of a lipid monolayer can be?2). Therefore, the ellipsometric signal upon adsorption of
measured (compare panels A and B of Figure 1). Indeed, aF1, F2, and GST onto the DOPC monolayer starts at an
fast and large increase in surface pressure can be observedllipsometric angl®é = 2.8°. The adsorption curve obtained
for F2 and GST, but a very slow increase can be seen forupon injection of GST underneath the DOPC monolayer
F1. A maximum surface pressure of 28 mN/m has been (Figure 2A) merely corresponds to adding the ellipsometric
reached with F2 compared to 19.5 mN/m for GST and 17 angle obtained for pure DOP® (= 2.8°) to that of pure
mN/m for F1, after 5, 2, and 15 h of kinetics, respectively. GST (in the absence of DOPC) as describedbyrporc

10

Surface Pressure (mN/m)

F1

2

i F1-DOPC
15

Surface Pressure (mN/m
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12 layer has induced a phase change of the polarized light. In
[ Al the case of a sufficiently dense film, the refractive index of
] this film is independent of the film thickness. Consequently,

the observed phase change of the dense film is proportional
i ] to the film thickness. We thus assumed that the pure GST
8 r ] and the mixed GSTDOPC films had reached such a

[ ] sufficiently high film density close to the end of their
respective ellipsometric isotherm. The observatioddgf—popc
= dest+ Oporcthus suggests that GST adsorbs at the surface
of the DOPC monolayer without penetrating this monolayer.
Furthermore, the high similarity between the kinetics of
adsorption of GST in the presence and the absence of DOPC
suggests that DOPC has no influence on the kinetics of GST
[ ] adsorption and that GST binds DOPC with very low affinity.
0 e e Similar observations can be made during thet firé of the

1

6 - GST-DOPC

Ellipsometric Angle 3 (°)

0 ! 2 3 * s adsorption kinetics of F1. Indeed, for example at tire 6
Time (hours) h, the sum of the ellipsometric angle of pure DOPC {p.8
2 and F1 (1.0) in the absence of DOPC (Figure 2B) is very
i B ] similar to the ellipsometric signal obtained when F1 is
10 [ ] injected underneath the DOPC monolayer {8.&hich thus

corresponds t@ri-porc = OF1 + Opopc These data thus
suggest that, as observed with GST, F1 does not penetrate
the DOPC monolayer and only weakly interacts with DOPC.
However, over a longer period of time (more than 7 h), the
ellipsometric angle of the FADOPC monolayer is still
increasing, whereas that of F1 in the absence of DOPC is
] already saturated after7 h. Although the kinetics of

] adsorption of F1 in the presence of DOPC (Figure 2B) is
very slow compared to F2 (Figure 2C), the difference
F1 1 observed afte7 h between the kinetics of adsorption of F1

] in the presence and absence of DOPC suggests that some
type of interaction between F1 and DOPC takes place from

F1-DOPC |

Ellipsometric Angle 8 (°)

V] 5 10 15 20 . . - .
Time (hours) this point. In contrast, F2 exhibits a c_ompletel_y different
behavior. Indeed, a much smaller ellipsometric angle of
22— approximately 5.7 is reached for F2 at saturation [after
I Cc | subtraction of the contribution of pure DOPC (2]8
10 L F2 ] compared to 9.5in the absence of a DOPC monolayer. This

significant decrease af in the presence of DOPC suggests
that F2 extensively penetrates into the monolayer, rather than
F2-DOPC ] being juxtaposed underneath the DOPC monolayer as
] observed in the case of GST and FL1. In fact, when F2 binds
1 to the DOPC monolayer, the resultant ellipsometric signal
1 is smaller than the sum of the ellipsometric signal of the
] individual F2 and DOPC component®r,-popc < Or2 +
] Oporc A model of the organization of F1 and F2 at the lipid
interface is presented in Figure 7. Overall, these results
demonstrate that F2 binds much more extensively to the
] DOPC monolayer than F1 and GST and that F2 is penetrating
e — into the lipid monolayer, as opposed to F1 and GST.
0 5 10 15 20 . .
Time (hours) Surface Rheology Measuremenisthough ellipsometric _
and surface pressure measurements were useful to monitor
FicURE 2 Kinetics of adsorption of RPE65 fragments and GST in  the adsorption kinetics of the RPE65 fragments onto a lipid

monolayers at the airwater interface as measured by ellipsometry. monolayer, these methods provide no information on the
Measurement of the ellipsometric angdldas been performed after

the injection of (A) GST, (B) F1, and (C) F2 into the subphase in Igtgrgl rigidity Qf the, adsorb_ed protein. The ”OnzerP shear
the absence (F1, F2, and GST) or in the presence (ESIPC, rigidity, «, provides information on the lateral organization
F1-DOPC, and F2DOPC) of a DOPC monolayer. The DOPC of proteins in the monolayer plane€%). Therefore, we

monolayer was equilibrated at 10 TN/m prior to protein injection. performed surface rheology experiments with F1, F2, and
lThe ellipsometric angle of DOP® (= 2.8) is shown as a dashed g1 15 monitor the evolution of rigidity of these monolayers
ine. Other conditions are the same as described in Figure 1. N . L . S

o . o with time (Figure 3). A significant increase in rigidity was
= Ocst + dpopo The ellipsometric signal can be assumed only observed with F2, both in the presence and in the

to depend solely on monolayer thickness. Indeed, the absence of the DOPC monolayer. A noticeable increase in
m,f’ee:?:crgTent of an ellipsometric angle indicates that theﬂ occurs after the adsorption of F2 for approximgtglh in

@

Ellipsometric Angle 8 (°)
o~ =2
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Ficure4: GST pull-down assays using immobilized F2. (A) SBS

F1  F1-DOPC | PAGE Coomassie staining: lane 1, molecular weight standards; lane
GST GST-DOPC 2, purified F2 bound to glutathioneéSepharose resin; lane 3,
0 == TR cosedimentation of 11RDH (35 kDa) and RPE65 (65 kDa) to
0 5 10 15 20 immobilized F2. (B) Immunoblots with anti-RPE65: lane 1, RPE
Time (hours) cell extract; lane 2, immobilized F2 bound to glutathisi®epharose

FiGURE 3: Shear elastic constamversus time of RPE65 fragments ~ 'esin; lane 3, cosedimentation of RPE65 with F2.

and GST at the airwater interface (F1, F2, and GST) as well as

when injected underneath a DOPC monolayer (BDPC, F1- RPEG65 promote the self-association of RPE65 and that this
DOPC, and F2DOPC). Other conditions are the same as described region of RPE65 interacts with 11-RDH, which is also

in Figure 1. involved in the visual cycle.

the presence and the absence of DOPC, but the kinetics of RPE65 Structure Homology Modelindery recently, the
rigidification is slightly faster in the absence of DOPC. Structure of ACO, an enzyme showing 25% identity with
However, the average final rigidity values are not signifi- RPE65 (Figure 5), was solved by X-ray crystallograpp$)(
cantly very different ¢ = 30 mN/m for F2 alone ang = ACO has been found in plant and cyanobacteria and is
26.5 mN/m for the F2DOPC monolayer) since the accuracy esponsible for the biosynthesis of pigments, cleaving
of these measurements+€2 mN/m. However, the slower f-carotene to yield two molecules of retinal. The ACO
rigidification in the presence of DOPC could be attributed Structure allowed us to create a model for RPEG5, based on
to the lag time required by F2 to reorganize into the fluid their sequence identity, and to fit the F1 and F2 fragments
DOPC monolayer. These results strongly suggest that within this structural model. The structure calculated predicts
intermolecular interactions between F2 proteins take placethat RPE65 is most likely to form a seven-blagegropeller
upon adsorption to the lipid-free surface. (Figure 6A). However, since RPE65 and ACO are 533 and
GST Pull-Down ExperimentsTo investigate possible 490 residues long, respectively, many gaps are found within
interactions of F1 and F2 with full-length RPE65 and/or other their sequence alignment (Figure 5). This length discrepancy
components of the RPE, we took advantage that our might allow RPEG65 to form longer loops interconnecting the
fragments of RPE65 are fused to GST to perform GST pull- Propeller’'s blades, or an eight-bladgepropeller.
down experiments. Fragments of RPE65 (as well as GST as  The alignment of RPE65 with ACO (Figure 5) shows a
a control experiment) were bound to glutathier@epharose  region of RPEGS from residue 118 to residue 125 that is
and then incubated with a microsomal membrane extractabsent in the ACO sequence. Interestingly, this region
from human RPE cells. After extensive washing of the Specific to RPE65 was selected to separate the F1 and F2
Sepharose resin, the bound proteins were eluted and separatdergments. In the ACO crystal structure, this region is located
by electrophoresis. A band at 61 kDa was revealed by in aloop connecting the first and second blade. On the other
Coomassie staining when the Sepharose-immobilized F2 washand, the F2 sequence covers blades 2 and 3 of the propeller
incubated with the RPE extract (Figure 4A). This band did and forms large loops extending on both sides of the propeller
not appear in controls, which suggests that it binds specif- axis.
ically to F2. A western blot was then performed to identify ~ Further analysis of this RPEG5 structural model shows that
this protein by using an antibody against RPE65. As can bethe four conserved histidines (see Figure 5), responsible for
seen in Figure 4B, the band at 61 kDa is RPE65 comigrated F€*" coordination, are also pointing toward the inside of the
with F2 at 40 kDa, which is also recognized by this antibody. S-propeller. These histidines are also conserved among six
Moreover, RPEG5 did not bind to F1 nor to GST, and in members of the carotenoid oxygenase fam2$)( Further-
contrast to F2, no band on the Coomassie-stained gel couldnore, it was recently shown that RPEG5 can bind i4#).(
be attributed to binding of a unique protein to F1 or GST The correct orientation of these histidines to form a
when compared to controls (data not shown). This result coordination cluster suggests that the backbone of this RPE65
shows that F2 can bind the full-length RPE65. An additional model is appropriately predicted in this region.
protein that binds specifically to F2 was observed at 35 kDa  Structural analysis of the ACO reveals a hydrophobic patch
by Coomassie staining and was subjected to identification on the surface of this seven-bladegropeller, presumably
by mass spectrometry after band cutting and digestion with being responsible for membrane bindirdf), The nonpolar
trypsin. The peptides identified by mass mapping with LC/ residues forming this hydrophobic patch are shown in the
MS-MS (Table 1) correspond to human 11RDH. Altogether, sequence alignment with RPE65 (see Figure 5). These
these results strongly suggest that residues—25® of residues are not well conserved with the RPEG5 sequence,
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Table 1: Tryptic Peptides of 11RDH Identified by MALDI-TOF

monoisotopic mass ([M- H])

peptide sequenée start-end theoretical experimental
MWLPLLLGALLWAVLWLLR 1-19 2277.24 2276.36
QSLPASNAFVFITGCDSGFGR 2242 2174.24 2173.03
EAGLFGLVNNAGVAGIIGPTPWLTR 102-126 2521.76 2522.36
VLNVNTMGPIGVTLALLPLLQQAR 132—-155 2531.36 2530.47
VINITSVLGR 158—167 1071.11 1070.64
LAANGGGYCVSK 168-179 1139.31 1138.54
FGLEAFSDSLR 186-190 1241.57 1240.61
TPVTNLESLEK 210-220 1228.87 1229.65
TLQACWAR 221-228 948.31 947.46
LPPATQAHYGGAFLTK 229-244 1671.74 1670.88
CLEHALTAR 267275 1011.78 1012.51
YSPGWDAK 281288 923.23 922.42

a Amino acid residues derived from the 38 kDa protéiRosition of the amino acid residue in the deduced peptide sequence of human 11RDH.
v e T MS IVEHPACCYKKLFETVEELSSPLTAHTRL Ts 42
ACO 1 MYTSPPTSSPSPHRSYSPOQDWLRGYQSQPQEWDYWYEDKIE[ESIRAF DIAQIETIA 50
RPEAS 43 LQEAC[epNeaf T )3 FY L DRSO AL LHEQ D H 4ITYHRRQ " 9
aco 51 YRINEEESGAL 1 VEED GMY T Al PGD MH F Q 5 KL 100

Fl1 - |
RPEGS 91 - AMTE]SR VITETCAFPDPCNSRFFSYFRGVEVTDN LV VYPV 140
ACO 101 EQEKAG[M Yacvsqraccfkrn ........ LRLENTR )1 TY 142
RPESS 141 EDYYRCTHETNFITKINGE CNYVSVN- cATEERJHHE N D Gf 129
ACO 148 DRLLEIL GGQPHRLE|dS GI..D cGILaEGQrLs DPAS 192
* % *

* *k kkk * **
RPE6S 190 YNIGNMWFGENGERIAYNI VK I PPQADKEDPISKSEIVVQCSDRFKPS'I 239
ACO 192 DGGQPYY - VTIEEBIKSSLSSTLTHLELDPQGELLRQEKTETLRAG - - - - - FAF 236

F2 <« i} > F3
RPEGS 240 FLBAT P YR TPKILFKF SSWSL ANY![D FESNETMGVWL 239
ACO 237 X A TRRAHERA TRALJd NNEITLRIGL P Y[R FGLRGJ\ VQFHPDKPAQTI 282
A . "
RPEGSE 20 HIADEKERKEYLNNEYRTSPFNL IBITYIIDRESF L I..C KGFEI‘VYN 332
ACO 283 ITLVPRDGGEIERIPVQAG. - F ARIAFINERNESK IQQLIIS TMY N - - - - . . . 323
Y

RPEGS 34 YLYLANLRENWEEVEENARKA|ENPEVRERYVLPLEINKAMTEENAVTLPNT 389
ACO Ly o S T R o S R I N SLVDTDGDFRST D RFTID 333

RPE6S 390 TT NILCSDETIWL EP| VLFSGI MAFEFPQINYQERICHEPYTYAYGLG 439
|| Ll

ACO 354 MTVEKQLMYSRCCIAFP VVH|S VGRPYRY - - - AAHHSTGNAP 400

RPEGS 440 NHFVPDRACKLNVETK VWOQEQJD S Y P 5 10000t 3D AL E 439

ACO 40! QAILEVD[RESG- - - -T LRSFA[JHGF A GJ3 !-'l}’ dGGYA Ee]
_I F3

RPEGS 490 VVSPGAGQEPAYLIMILNAKDLSE RAEVEIN ¥T LFEEKS 53

ACO 47 IYEADLHRSELVIIDAQDITAPAIRTLKLKHH YPL SWAQT 4%
ry

Ficure 5: Sequence alignment of RPE65 and ACO. Identical residues are shaded in black whereas those showing similarity acording to
the Blosum 62 matrix are shaded in gray. The four conserved histidines are shown by arrows under the sequence. The residues responsible
for the hydrophobic patch are marked with an asterisk (see above the sequence of RPE65 and under the sequence of ACO. Arrows under
the sequence show the limits of fragments F1, F2, and F3.

suggesting that this nonpolar patch is not located in this expressed iikE. coli. On the other hand, expression in insect
region for RPE65. However, our model shows a hydrophobic cells produces very small amounts of soluble RPE65, and
patch at the surface of RPE6G5 (Figure 6B) which is located only very low concentrations of soluble protein can be
within a region of F2. This patch is composed of residues obtained with detergent. Moreover, although RPEG5 has been
poorly conserved within the ACO sequence, suggesting theshown to be closely associated with membraris), (no
nonpolar patches are not located at the same position intransmembrane domain has been identified on the basis of
RPE65 and ACO structures. its primary structure46). The protein segment of RPE65
responsible for this interaction is thus still unknown. The
DISCUSSION study of different fragments of RPEG5 is thus important to
As reported in the present study and observed by otherdissect the functional and structural features of this protein.
investigators $0), RPE65 was found to be insoluble when Several fragments of RPE65 have thus been expressed to
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Ficure 6: Structure of ACO and the homology model of RPE65 based on the structure of ACO (PDB ID 2BIW) which are shown in the
same orientation according to their structural alignment. (A) Ribbon plot of the ACO (left) and RPEG65 (right) chain fold. The view is
perpendicular to the axis propeller, showing in both structures the four iron binding histidines. Chains are colored with reference to the
three fragments F1, F2, and F3 in yellow, red, and blue, respectively. (B) Surface representation of ACO (left) and RPEG5 (right) color
coded according to the hydropathy index of their residues. The nonpolar patch is circled in both structures at different locations.

enable such membrane binding studies to clarify this issue.In addition, to observe hydrophobic driven binding of RPE65
Moreover, these fragments were also used to identify binding to membranes, it is preferable to use a zwiterionic phospho-
partners of RPEG5 that could be involved in the visual cycle lipid like phosphatidylcholine to reduce the effect of charges
to regenerate ltis-retinal. These RPEG5 fragments were on monolayer binding. DOPC monolayers were thus used
expressed as GST fusion proteins. In fact, the presence ofas model membranes to optimize the putative binding of
GST is essential for their solubility in the absence of RPEG5 fragments. Furthermore, an initial DOPC monolayer
detergent. Indeed, the cleavage of this fusion protein readily surface pressure of 10 mN/m has been used to allow
yields protein aggregation. It is still, however, unclear why observation of a large surface pressure increase that can be
the C-terminal region of RPE65 cannot be solubilized, properly analyzed upon adsorption of RPE6G5 fragments.
whether it is expressed as misfolded protein or whetheritis The ellipsometric and surface pressure data consistently
due to the presence of an additional hydrophobic region of showed a fast and strong binding of F2 to DOPC monolayers
RPEGS5. with a larger surface coverage than F1 or GST. Furthermore,
Phosphatidylcholine (PC) is one of the major phospho- the smaller ellipsometric angle obtained with F2 in the
lipids of RPE cell membrane#®). Moreover, a greater presence than in the absence of the DOPC monolayer
cosedimentation of RPE6G5 has been previously observed withsuggests that F2 penetrates into the lipid monolayer whereas
PC than PS (phosphatidylserine) containing liposorti8k ( F1 or GST are probably only loosely bound at the interface
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A the fact thaj3-propeller folds share low sequence similarity
and frequently show no easily detectable sequence repeats,
such as in the case of RPE65 and ACO, their three-
dimensional structures and their individual blades are very
closely superimposablé8—50). Their functions are speci-
fied by the characteristics of their surface and interconnecting
loops.

RPEG65 was shown to bind long-chain hydrophobic all-
transretinyl esters 31). Given that retinyl esters are very
hydrophobic molecules which must either be associated with
membranes or be bound to proteins, the strong anchoring of
RPEG65 to membranes through its F2 region could allow it

B ; -
5.
F2 to achieve retinoid binding. Moreover, it has been suggested

FIGURE 7: Schematic diagram of the possible organization of F1 that the reversible interconversion of SRPE65 to mRPEG5S

DOPC

K
Is

and F2 fragments interacting with the DOPC monolayer. When F2
binds to the DOPC monolayer, the resultant ellipsometric signal is
smaller than the sum of the ellipsometric signal of the individual

F2 and DOPC component®r,-popc < Or2 + dpopc AS observed

catalyzed by LRAT could account for a putative regulation
of RPE65 functionZ0). The palmitoylation sites are located
at the end of F2 (C231) and outside of F2 (C329 and C330).

with GST, F1 does not penetrate the DOPC monolayer and only However, it was recently shown that C330Y-substituted

weakly interacts with DOPC, which thus correspond$dp popc

RPEG5 leads to the complete loss of isomerase activity,

= 0r1 + dooro suggesting that residue C330 may play a role beyond

. - modulating the affinity of RPE65 for membraneks). It

of the DOPC monolayer. This strong membrane binding of ¢4 thus be postulated that palmitoylations of the membrane-
RPEG65 shc_>u|d_favor its interactions with partners such as ,5,nd RPE65 could possibly serve to modulate the extent
11RDH which is membrane embedded. of its membrane binding, which would allow it to achieve a

A large number of proteins have been shown to interact more efficient release or binding of retinyl esters. On the
with lipid monolayers. However, to our knowledge, only other hand, these acylations might not be the main contribu-
amyloid precursor proteirté, 45) and calcineurin46) have  tijon to RPE65 membrane binding characteristics.
been shown to increase monolayer surface pressure as much The large surface rigidity observed with F2 is typically
as F2 (from 10 to 28 mN/m). Indeed, the 116 kDa amyloid taking place when proteinprotein interactions occur, such
precursor protein and the 77 kDa calcineurin have also beenas in the case of the polymerization of actBil) or the
shown to display high surface activity. When injected dimerization ofg-lactoglobulin 62). Therefore, although the
underneath a DOPC monolayer at 10 mN/m, surface pres-detailed organization of F2 bound to lipid monolayers is
sures at saturation of 27 and 24 mN/m have been measureqnknown, it must be organized such that intermolecular
respectively for the amyloid precursor protein and cal- interactions are highly favored. This high rigidity of F2 could
cineurin. As in the case with F2, the insertion of these pe attributed to the formation of dimers. However, the GST
proteins into the lipid monolayer has been postulated to be fysion partner of F2 is known to dimerize individually as
mediated by hydrophobic interactions. well as in fusion with other proteins and could thus be

Previous studies have shown that cytosolic and palmitoy- responsible for this observatioB3—56). This possibility is,
lated forms of RPEG5 can be found in bovine RPE c&03.( however, unlikely on the basis of the GST pull-down
The cytosolic form is often referred to as the soluble RPE65 experiments which showed that F2 interacts with full-length
(sRPE65) although it also requires detergent for its solubi- RPEG5 extracted from RPE microsomal membranes and
lization, like its membrane-bound counterpart (NRPE65). which thus is not a GST fusion protein. This FRPE65
Bavik and co-workers1(3) have noticed that both forms of interaction together with the observed large rigidity of F2
RPEG5 are extracted in the detergent phase of Triton X-114,thus suggests that a structural feature of F2 could favor the
suggesting the presence of extensive hydrophobic regionsoligomerization or clustering of RPE65 to enable its function.
in the protein. The present results agree well with these The GST pull-down assays strongly suggest that RPE65
observations since our F1 and F2 fragments precipitate whenalso interacts with 11RDH, which is involved in the
the GST fusion protein is removed. This is also consistent conversion of 1lcis-retinol to 11¢is-retinal 67). Similarly
with the observation of F2 penetration into the DOPC to RPE65, 11RDH is involved in the visual cycle and is
monolayer, which suggests that a region of RPE65 locatedmembrane associatedd). Simon and co-workers5Q)
between residues 126 and 250 is highly hydrophobic. This previously observed a direct proteiprotein interaction
ability of F2 to penetrate membranes must be accounted forbetween RPE65 and 11RDH while attempting to purify
solely by protein hydrophobic interactions because RPE65 11RDH using specific antibodies for this protei®0). In
fragments cannot be acylated when expresse#l. icoli in the present work, we also demonstrate that F2 binds 11RDH.
our experiments. From the RPE65 model structure, this In addition, we localized the RPEG65 binding region to
binding can be attributed to a hydrophobic patch on the 11RDH within residues 126250. However, which region
surface and not to a transmembrane portion of the proteinof 11RDH is involved in this interaction is still unknown.
(see Figure 6B). This patch located on the F2 fragment might Since the ellipsometric results suggest that F2 is inserted into
be responsible for the rapid membrane binding observed in phospholipid membrane, it could interact with either of the
the lipid monolayer studies (Figure 6B). Thepropeller fold two transmembrane C-terminal or N-terminal domains of
has been found and predicted in many different structures 11RDH, which are both acting as anchors to the microsomal
and is accomplishing a variety of function47j. Despite membrane §1). Moreover, 11RDH could be used in future
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studies to facilitate the solubilization and the crystallization
of RPEGS.
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