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ABSTRACT: Lecithin retinol acyltransferase (LRAT) catalyzes the esterification ofralisretinol into
all-transretinyl ester, an essential reaction in the vertebrate visual cycle. Sincaradlretinyl esters are

the substrates for the isomerization reaction that generatess-tétinoids, this esterification reaction is
essential in the operation of the visual cycle. In addition, LRAT is the founder member of a series of
proteins, which are of novel sequence and have unknown functions. Native LRAT is an integral membrane
protein and has never been purified. To obtain a pure LRAT, the N- and C-transmembrane termini were
deleted and replaced with a poly His tag for the purpose of purification. This truncated form of LRAT,
referred to as tLRAT, has been expressed in bacteria and fully purified. tLRAT is catalytically active and
processes abransretinol at least 10-fold more efficiently than Tis-retinol, the precursor to the visual
chromophore. While tLRAT can be robustly expressed in bacteria, it requires detergent for extraction, as
the enzyme still contains hydrophobic domains, which may interact. Indeed, tLRAT can oligomerize and
forms dimers. Native LRAT also forms functional homodimers. These studies pave the way for the
preparation of large-scale amounts of pure tLRAT for further mechanistic and structural studies.

Lecithin retinol acyltransferase (LRAT)s a transmem- in the production of 1kis—retinaldehyde, the chromophore
brane protein that forms retinyl esters in a variety of tissues for the retinal photoreceptor photopigments-(0).

(1—4). In some cells, retinyl esters are thought to be a storage The purification of native, membrane-bound LRAT has

form of alltransretinol (Vitamin A). These esters are not peen achieved; nevertheless, a substantial amount is
hydrolyzed by retinyl ester esterases when there is a neednown about this enzyme. Early studies demonstrated that
for conversion of retinol to one or another of its retinoid i js extremely sensitive to thiol-directed reagents, such as
derivatives, such as retinoic acif)(In the context of the  grganomercurials, but relatively insensitive to other group
retinal pigment epithelium (RPE) of the eye, however, the specific reagents, suggesting that LRAT might be a thiol
retinyl esters, primarily retinyl palmitate, serve not only as enzyme mechanistically5( 11, 12). Kinetic analysis on

a reservoir but are also the substrate for an isomerohydrolasg RAT revealed an ordered ping-pong bi-bi mechanid®).(
(6, 7). This enzyme utilizes the energy stored in the retinyl | this mechanism, lecithin binds first and transfers an acyl

ester bond to produce Idsretinol, the penultimate retinoid group to an active-site nucleophile, followed by the blndlng
of vitamin A and the transfer of the acyl group to the latter,
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U Harvard Medical School. important for catalysis (C161 and C168) have been identified
! Abbreviations: AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride; (15). It is reasonable to suggest that one of the cysteine

BCA, biconcinic acid; BME -mercaptoethanol; BSA, bovine serum ; ; Na_ai ;
albumin: CHAPS, 3-[(3-chloroamidopropyl)dimethylammonio]-1- residues (probably C161) is the active-site nucleophile of

propane sulfonate; CHAPSO, 3-[(3-chloroamidopropyldimethyl- LRAT, which accepts an _acyl group from IeCIthIﬂla). In
ammonio]-2-hydroxy-1-propanesulfonate; DMF, dimethyl formamide; addition, two histidine residues are also essential for LRAT
DMSO, dimethyl sulfoxide; DPP@-dipalmitoyl phosphatidyl choline; activity (16).

DTT, dithiothreitol; ECL, enhanced chemiluminescence; EDTA, eth- o
ylenediamine tetraacetic acid; E-@fans-epoxysuccinyl:-leucylamido- The full-length sequence of LRAT shows that it is
(4-guanidino)butane; hLRAT, human lecithin retinol acyltransferase; unrelated to any proteins of known functiofy (4). LRAT

IPTG, isopropylthiogalactoside; PBS, phosphate-buffered saline; RPE, ; ; ;
retinal pigment epithelium; SDSPAGE, sodium dodecyl sulfate is, however, the founder member of a family of proteins of

polyacrylamide gel electrophoresis; THF, tetrahydrofuran; tLRAT, Unknown function4, 17, 18). These proteins are functionally
truncated lecithin retinol acyltransferase. diverse and include tumor suppressatsi(7) and putative
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viral proteasesl(8). All of these proteins contain conserved (Cleveland, OH). Centricon Centriprep concentrators were
histidine and cysteine residues that are probably part of afrom Amicon (Beverly, MA). [11,12H 3H-All- trans+etinol
catalytic diad or triad 18). Further experiments will be  (49.7 Ci/mmol) was obtained from NEN Life Sciences
required to elucidate the precise functions of these novel (Boston, MA). Radioactive sodium borohydride [N#B]
proteins. was from NEN. lleis-retinal was obtained from the Na-

Since full-length LRAT has never been studied in its tional Eye Institute. Protease inhibitor cocktail (AEBSF,
purified form, the full characterization of this apparently aprotinin, bestatin, EDTA, E-64, leupeptin, pepstatintAk-
unique enzyme has not been achieved. Purified LRAT would dipalmitoylphosphatidylcholine (DPPC), bovine serum al-
enable a full delineation of its structure and mechanism of bumin (BSA), dithiothreitol (DTT) Laemmli buffer 1),
action, as well as enabling the preparation of specific Triton X-100 (TX-100), and Dalton VI molecular weight
antibodies for histochemical and other uses. Unfortunately, markers were from Sigma (St. Louis, MO). Benchmark
the full-length protein contains at least two transmembrane prestained markers were from GibcoBRL Life Technologies
domains at its N- and C-termini, which confound purification (Grand Island, NY). The BCA protein determination kit,
(4). Expression of this protein in mammalian HEK cells has CHAPSO  (3[(3-cholamidopropyl)-dimethylammonio]-2-
been successful, but only very limited quantities of protein hydroxy-1-propane sulfonate), Tween-80, Western blot block-
can be extracted4]. Moreover, LRAT expressed in HEK  ing buffer, Gel-code Blue solution for Coomassie staining,
cells is, as expected, not readily purified, so that while and avidin-biotin complex (ABC) staining kit were pur-
mutational studies are possible, the enzyme cannot be use¢hased from Pierce (Rockford, IL). Avidin conjugated
for structural investigations or used for the preparation of horseradish peroxidase for biotin detection and Precision Plus
monoclonal and polyclonal antibodies. Repeated attempts atProtein Standards were from Bio-Rad (Hercules, CA). High
expressing full length LRAT in bacteria also have not met performance liquid chromatography (HPLC) solvents were
with success. To prepare a purified form of LRAT that could obtained from J. T. Baker (Phillipsburg, NJ). Sodium dodecyl
be produced in large quantities, we sought to engineer a His-sulfate (SDS), polyvinylidene fluoride membranes, the
tagged and deleted transmembrane domain form of catalyti-enhanced chemiluminescence (ECL) Western blotting and

cally active LRAT, which can be expressed in bulk in silver staining kit, and cyanogen bromide-activated Sepharose
bacteria. 4B were from Amersham Pharmacia Biotech (Piscataway,

A method for the preparation of a truncated histidine- NJ)- All other reagents were of analytical grade.
tagged form of LRAT (tLRAT) in which the primary Preparation of LRAT/pET Expression Vectorshe
sequence extends from residue-3D6, thereby deleting the hLRAT protein is a polypeptide of 230 amino acid residues
putative transmembrane domains, is reported hréNone with a calculated molecular mass of 25.3 kDa. This protein
of the residues known to be required for catalysis are found contains at least two transmembrane domains at positions

in these domains, leading to the expectation that tLRAT 931 at the amino terminal and at positions +#2?2 at
ought to be active. This expectation is realized. the carboxy terminal 15, 20). Attempts were made at

Although tLRAT is not fully soluble without the aid of generating full-length and truncated constructs of this protein.
detergents, possibly as a consequence of strong proetein For the generation of the tLRAT. ponstruct, re5|due§ from
protein interactions, it can be readily purified in milligram both ends of the protein at positions-30 of the amino

o : . terminus and 197230 from the carboxy terminus, respec-
uantities when extracted with 1% sodium dodecyl sulfate . .
?SDS) as shown here. While tLRAT activity is inysignifi— tively, were deleted by standard recombinant DNA methods.

cant in 1% SDS, it recovers substantial enzymatic activity PCR technology was used for the generation of the fuII-I(_angth
in low concentrations of SDS (0.05%). tLRAT can also be and f[runcated constructs, and hRPE cDNA clones prewou;ly
extracted in reduced quantities with other, milder detergents published §) were used as DNA templates for PCR ampli-

such as Triton X-100, octyb-glucopyranoside, CHAPS, and fications. A PCR core reagent set was obtained from Applied
CHAPSO. Among these, CHAPSO provides the highest yield
and the lowest level of misfolded protein as judged by NMR.
CHAPSO-extracted and purified tLRAT should be suitable
for mechanistic and structural studies utilizing nuclear
magnetic resonance (NMR), X-ray diffraction, and site-
directed spin labeling methods.

EXPERIMENTAL PROCEDURES

Materials The expression vector, pET 2Hp( was
obtained from Novagen, Inc. (Madison, WI), and the

Biosystems and used according to the provider’s instructions.
DNA amplification was performed in a Robocycler 40
apparatus (Stratagene, La Jolla, CA). For the generation of
the construct encoding the entire LRAT protein, the follow-
ing set of oligonucleotide primers was used: forward,
5'CATATGAAGAACCCCATGCTGGAGGTGS and re-
verse, ICTCGAGGCCAGCCATCCATAGGAAGAA3

For the purpose of unidirectional cloning, additional Nde
I and Xho | restriction sites were attached to theeBd of
each primer. The pET 21#( vector was then linearized
with Ndel and Xho | and subsequently ligated with the gel

polymerase chain reaction (PCR) core reagent was from purified PCR product using the same cohesive ends. Utilizing

Applied Biosystems (Foster City, CAEscherichia coliOne
Shot cells, BL21 STAR (DE3) cells, and ProBond Resin for
purification of histidine-tagged (6X His-tag) and Precast gels
(4—20%, 8 x 8 cm) for SDS/native polyacrylamide gel

the same strategy, a truncated LRAT (tLRAT) was created
with the following set of primers: forward, GBATATGGGC-
GAAGACAAAGGGAGGAACAGTSZ and reverse,'&TC-
GAGAACACTTCTCTGATCACGAATAAT3'. An initia-

electrophoresis (PAGE) were from Invitrogen (Carlsbad, tion of translation site (ATG) was added at the amino
CA). The Wizard Plus Miniprep system was from Promega terminus, which includes an Nde | restriction site, and an
Corp. (Madison, WI). Sequenase 2.0 for dideoxy chain extra amino acid residue Glu was added at the carboxy
termination sequence analysis was obtained from USB Corp.terminus by virtue of an Xho | restriction site. A His-tag of
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six Histidines was also incorporated at this end for the concentrated with a Centriplus YM-10 filter concentrator
purpose of protein purification, thus generating a truncated (Amicon) while centrifuging at 240at 20 °C. The final
LRAT (tLRAT) protein of 173 amino acid residues with a yield of tLRAT from 1 L of cultured cells ranged from 1 to
calculated molecular mass of 19.9 kDa. After amplification 2 mg. Subsequent analysis of tLRAT purified under ambient
of the contructs irk. coliOne Shot cells, plasmid DNAwas  conditions revealed that it maintained activity in the absence
extracted using the Wizard plus miniprep system and of Argon so this precaution was omitted.
evaluated by 2% agarose gel electrophoresis. Sequence Alternatively, solubilized tLRAT could be purified by Ni
analysis using the dideoxy chain termination method (Se- column affinity chromatography using an imidazole buffer
guenase 2.0) was performed on each construct to confirmstep gradient elution. The sample was loaded on a Ni column
the presence, orientation, and correct nucleotide sequencereequilibrated with the washing buffer (20 mM sodium
of each DNA insert. phosphate, pH 7.4, 500 mM NaCl, 10 mM imidazole).
Expression of tLRAT in BacterigdPlasmid DNA was tLRAT was purified by stepwise gradient elution (20 mM
introduced into the BL 21 STAR (DES3) strain & coli by sodium phosphate buffer, pH 7.4, 500 mM NacCl, imidazole
standard method&1). The cells were grown in Luria-Bertani  concentration: 10, 20, 40, 60, 100, 300, 500 mM). The
(LB) medium n 1 L batches at 30C for 6 h following enzyme was found mostly in fractions between 300 and 500
induction with IPTG at a final concentration of 0.5 mM. Cells mM imidazole concentration. tLRAT fractions were collected
were pelleted by centrifugation at 8a9@r 10 min, and and concentrated by centrifugal filtration (8166 kDa cut,
the pellet was washed with fresh LB medium. The bacteria UFV5BCC00, 5k NMWL membrane, Millipore). Concen-
were disrupted at 37C for 15 min with lysis buffer (50  trated tLRAT was dialyzed under reducing conditions (0.1%
mM Tris, pH 8.0; 100 mM NacCl) containing 1Qay/mL of Triton X-100, 1 mM DTT, sodium phosphate 50 mM, pH
lysozyme. EDTA was omitted from the lysis buffer because 7.5). Purified tLRAT was analyzed by SB®AGE, Western
it is incompatible with Ni column affinity purification. The  blots, activity assays, and mass spectrometry.
lysate was sonicated by 10, 10-s bursts with a Microson Generation of tLRAT Antibodied.RAT expressed irkE.
Ultrasonic Cell Disrupter (Heat Systems Ultrasonics, Inc.) coli BL-21 Star DE3cells was purified to homogeneity by
set at 50% output power and centrifuged at 30df® 20 Ni column chromatography. The purity of tLRAT was
min. The tLRAT partitioned into the insoluble fraction. assessed by PAGE and silver staining and was shown to be
Solubilization and Affinity Purification of Histidine-Tagged free of contaminating proteins within the level of sensitivity
tLRAT for Antibody ProductiorBecause of previous experi-  of this method. The authenticity of the purified protein was
ences suggesting that LRAT activity is labile in the absence verified by Western blot analysis, using anti LRAT peptide
of DTT (2), we initially carried out the purification steps antibodies characterized previousl).(Two rabbits were
under an argon atmosphere since DTT, the reducing agentepetitively immunized with tLRAT emulsified in complete
used in our previous studies, interferes with the performanceFreund’s adjuvant following a standard protocol. The Poly-
of Ni affinity purification (4). This was achieved by usinga clonal antiserum was generated by contract with Alpha
plastic glovebag (Instruments for Research and Industry, Diagnostics International (San Antonio, TX). Titers were
Model X-27-27) attached to an Argon source to produce an monitored by ELISA prior to utilization for immuno-
inflatable chamber in which the affinity column could be cytochemistry and Western blot analysis. Affinity-purified
manipulated. antibodies were prepared for Western blotting and immuno-
Truncated LRAT was extracted from the resuspended cytochemistry by coupling purified tLRAT to cyanogen
membrane pellet in buffered 1% SDS (20 mM sodium bromide-activated Sepharose 4B according to the vendor’s
phosphate, 500 mM NaCl, pH 7.8) at 2. The sample instructions.
was centrifuged at 30 0@Oat 20 °C for 20 min, and the Western Blot AnalysisPolyclonal anti-LRAT antibody
supernatant containing the solubilized tLRAT was collected. formation was reported previousl¥)( After protein separa-
The pellet was resuspended in 1% SDS in extraction buffer tion by SDS-PAGE, proteins were transferred to poly-
for an additional hour and centrifuged again, and the secondvinylidene fluoride (PVDF) membranes using transfer buffer
supernatant was added to the first. ProBond Resin for the(Tris 25 mM, glycine 192 mM, ethanol 20%) and a semi-
purification of 6X His-Tagged proteins (Ni column) was dry transfer apparatus. The membrane was blocked with 5%
poured into a 10 mL column. Before loading of the tLRAT nonfat dried milk fo 2 h atroom temperature. Anti-LRAT
sample, the SDS concentration was reduced to 0.25% toantibody (1:4000 dilution), anti-rabbit Ig linked horseradish
prevent interference by SDS with the protein/resin binding. peroxidase (1:8000 dilution) from donkey, and the enhanced
The Ni column was equilibrated with 0.25% SDS in the chemiluminescence (ECL) system were used to detect tLRAT
extraction buffer. After the sample was loaded, the column band.
was washed with phosphate buffer in three steps from the Solubilization and Actity Assay of tLRAT.ILRAT
starting pH of 7.8 to 6.0, 5.3, and 4.0. The volume of each solubility was tested using 1% SDS, Triton X-100, CHAPSO,
elution buffer was in the proportion recommended by the Tween-80, and DMSO. The procedure involved incubation
vendor (32 mL). Most of the tLRAT eluted at pH 6.0 and of the cell pellet fo 2 h in anice-cold 0.1 M Tris-HCI buffer
5.3, with a minor amount eluting at pH 4.0. Following containing a protease inhibitor cocktail (AEBSF, aprotinin,
elution, DTT was added to each fraction to a final concentra- bestatin, EDTA, E-64, leupeptin, pepstatin A) at pH 8.3. All
tion of 2 mM, and argon was omitted from the protocol incubations were performed at . After 2 h, the cell
thereafter. tLRAT remained in solution at 2C in 0.1% suspension was equally distributed in different tubes. De-
SDS but precipitated at lower temperature$@} and lower tergents were added to respective tubes to make a final
detergent concentratior<(0.05% SDS). The samples could concentration of 1% detergent. A cell suspension absent
be returned to solution by heating at 3Z. The proteinwas  detergent was used as a control. Cells were sonicated on ice
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using a Branson Sonifier 250 containing a needle probe by 12 3 4 5 8
applying 10 mild bursts, each for 30 s, with an interval of w— 113
30 s between consecutive bursts. Cell lysates containing 9

detergents were placed on a rocker and incubated°at 4 . 503
overnight. Finally, the suspension mixtures were centrifuged g 355
at 13 800 or 265 0Gpfor 30 min at 4°C. The supernatant 08.8
containing tLRAT was collected and used for further

analysis. The pellet thus obtained was also redissolved in -~ . e 1.4
the same buffer and tested for tLRAT activity. Kinetic -

activity measurements and the synthesi#bfl1cis-retinol
are described in the Supporting Information.

Analysis of tLRAT OligomerizatiotLRAT oligomeriza-
tion was tested under nonreducing condition by PAGE and _ ) - _
Western blotting. Nondenaturing sample buffer (without DTT 2)?321?1 }n SSD”;erL :;%'qe‘éeﬁzftzéfiﬁé ;Lﬁ?goﬁj%':ﬁl‘év\%rmgh_
and SDS, Tris-HCI 312.5 mM, 50% glycerol, 0.05% bromo- lane 3, pH 6.0 élution; lane 4, pH 5.3 eIutio'n; lane 5, pH 4.0 eIutior{;
phenol blue, pH 6.80) was used to reveal tLRAT oligomer and |ane 6, molecular weight markers.

formation as compared to DTT (5 mM) and/or SDS (2%)

control with and without heating. Running buffer contained a- 1 2 b. C. kDa 1 2

Tris base (192 mM, final pH 8.3), glycine (192 mM), and “ - 200 —

SDS (0.1%). Mass spectrometric measurements are describe: e 116 —

in the Supporting Information. . 66 —
Immunocytochemistry of Bme Retina and Lier. Form- ses 45

aldehyde was prepared from paraformaldehyde according to

standard methods. Fresh bovine eyes and liver were obtainec __ =~ — 22kba 208 31—

from a local slaughterhouse immediately after excision from ~ e 2 ]

the animal, and the tissues were fixed by immersion on site. - 14 _

Following removal of the cornea, iris, lens, and vitreous
body, the remaining posterior portion of the eye and small -
y gp P y FiIGUrRe 2: (a) Western blot of the purified tLRAT (lane 1) and

pieces of liver were floxed for 24 h in a O'l. M sodium LRAT (lane 2) from the crude RPE. The membrane was probed
phOSPhate_'bUf_fered:_Af/O forma|deh_yde 50'““9” (PH 7.2). with anti-LRAT peptide polyclonal antibody (1:4000), anti-rabbit
Following fixation, strips of the choroidal layer with attached Ig linked horseradish peroxidase (1:8000), and ECL reagent. (b)

retina were dissected from the scleral layer of the eye. The Western blot of tLRAT of a bacterial lysate reacted with anti-LRAT

; ; ; incprotein antibody. (c) Western blot of LRAT in the RPE (lane 2).
ng_rcilgg;tma (\jNas Seggd(;qted n f? ggldgd et:]han(t)l SetEeSMolecular weight markers (lane 1) are 200, 116, 66, 45, 31, 22,
( ) an embedded in paraffin. During this step, the 1,347 kDa, respectively.
neurosensory retina detached from the choroid/retinal pig-

ment epithelium. termini, was designed and expressed in bacteria. Induction
Immunocytochemistry was performed at 2C in a of tLRAT expression inE. coli by IPTG was robust. The
humidified chamber. The deparaffinized sections were treatedinduced protein was readily visible on silver-stained gels of
for 20 min with PBS buffered 0.3% hydrogen peroxide and bacterial lysates (Figure 1). Although lacking its putative
then exposed to affinity purified antibodies at a concentration transmembrane domains, tLRAT remained insoluble in the
0f 0.01 Apgo nm= 1 A units. Preimmune control sections were ghsence of detergents. SDS was the most effective detergent
treated alongside the experimental sections. Primary antibodyfor extraction (see details below) so purification for the
binding was visualized with the aviditbiotin enzyme  purpose of antibody production was carried out in 1% SDS.
complex (ABC) technique according to instructions provided \when applied to a Ni column and eluted with a pH step
by the vendor. Experimental and control sections were gradient, the protein eluted at pH 6.0 and 5.3 rather than pH
imaged with a 4& planapochromatic oil immersion lens and 4.0, which is more typical for proteins purified by this
a Zeiss Axiovert micrOSCOpe fitted with a CoolSNAP d|g|ta| method. V|rtua”y no protein was eluted at pH 4.0 (Figure
camera (Diagnostic Instruments, Sterling Heights, MI) and 1) Ejuted tLRAT fractions were pooled, and the amount of

Imago Pro Software (Media Cybernetics, Silver Springs, protein harvested was quantified by the BCA method. The
MD). Images were rendered in Adobe Photoshop (Adobe yield of protein was +2 mg/L of cultured bacteria.

Systems Incorporated).

7 —

Generation of Polyclonal Antibodies Against tLRAA.

RESULTS Western blot of the purified tLRAT and the crude LRAT
from the RPE detected with the anti-LRAT peptide antibodies
Cloning, Expression, and Purification of tLRAWultiple is shown in Figure 2a4). Specific staining of a~20 kDa

attempts at expression of full-length LRAT in bacteria have, protein band for tLRAT and 25 kDa band for LRAT from
unfortunately, not met with success. A series of attempts atcrude RPE are evident. Furthermore, purified tLRAT was
expression did not provide evidence of protein expression, used for the immunization of two rabbits, both of which
either by silver gel SDSPAGE or by Western blot detec- produced antibodies. A Western blot of a tLRAT from a
tion. This led to an interest in expressing a more soluble precolumn bacterial lysate and the native LRAT in the RPE
form of enzymatically active LRAT. A truncated form of reacted with the resulting polyclonal anti-LRAT antibody is
LRAT (tLRAT), lacking the transmembrane N- and C- shown in Figure 2b,c.
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Ficure 3: Steady-state kinetics of tLRAT using atknsretinol and 1leis-retinol as substrates. Esterification activity of tLRAT was
monitored by following the formation of retinyl esters using tritium labeledralfs-retinol and 11leis-retinol along with DPPC. 510 ug
of purified tLRAT was used in 100 mM Tris-HCI (10@L) at pH 8.3 containing 22@M DPPC, 0.6% BSA, 1 mM EDTA, 2 mM DTT,
0.1% CHAPSO, and 0.2M of the retinol. (a) The initial velocity of altransretinyl ester formation reaction and subsequent Lineweaver
Burk plot. (b) The initial velocity of 1leis-retinyl ester formation reaction and subsequent LineweaBark plot.

Kinetics of Purified tLRATPurification of histidine tagged  of tLRAT for all-transretinol over 11eis-retinol clearly
tLRAT using a Ni column in 1% SDS provided pure tLRAT indicates that 1Tis-retinol is a much weaker substrate for
as judged by silver stained SBAGE (Figure 1). However, tLRAT than its all-trans isomer. Preference for tiins
the activity assay and a preliminary NMR study of the protein retinol as substrate was also observed in the kinetic analysis
extracted using this method showed both little enzymatic of full-length LRAT cloned and expressed in HEK 293 cells
activity and possibly an unfolded structure. However, 1:20 (4). Here, theVna{Kn is about 20, with altransretinol again
dilution of samples purified in 1% SDS (final concentration being strongly favored as a substrate.
of 0.05% SDS) followed by consecutive dialysis against 1%  Extraction of tLRAT by Various Detergenfss mentioned
DTT and 1% EDTA showed substantial recovery of activity. above, tLRAT requires detergent for significant extraction
Kinetic studies were performed on tLRAT samples prepared from bacteria. Detergent extraction is critical for expressing
in this way. maximal tLRAT activity. In the absence of added detergent,

The primary goal of the kinetic study was to establish some tLRAT activity (approximately 20%) is present in the
activity of tLRAT prepared and purified as indicated above 13 80@ supernatant while at 265 0§q <1% activity) is
(extracted in 1% SDS-final SDS, 0.05% for kinetics)(Figure extracted. Since all of the tLRAT activity can be sedimented
3). This study was performed by steady-state kinetic analysisat higher speeds, it is unlikely that any fraction of tLRAT is
monitoring retinyl ester formation from retinol in the truly soluble. Since tLRAT extracted in 1% SDS is inert,
presence of saturating levels of DPPC. The time-course ofextraction methods were sought that directly yield active
retinyl ester formation by tLRAT is presented in Figure 3a,b. enzyme. Simple extractions methods, such as using guani-
The purified tLRAT retains its activity and provid@nax dinium hydrochloride and urea were approximately as
andK, values, as well, of course, as the second-order rateeffective as 1% SDS but again yielded tLRAT with very
constan¥Vma/Km. tLRAT, prepared and purified as indicated minimal activity. Experiments were then performed to
above, had &max = 0.17 £ 0.003 nmol/min/mg and &, examine the relationship between the nature of the detergent
= 0.24+ 0.03uM for the alltransretinol to alltransretinyl used for extraction of tLRAT and its efficiency, both with
palmitate conversion (Figure 3a). As RPE membranes alsorespect to extent of extraction and the resultant tLRAT
produce lleisretinyl esters 2, 3), it was important to catalytic activity. tLRAT solubilization was examined by
determine whether pure tLRAT is capable of usingcis- SDS-PAGE/Western blot analysis. Enzymatic activity meas-
retinol as substrate. It is certainly possible that a secondurements were performed on the tLRAT samples solubil-
enzyme in RPE membranes is responsible for esterifying 11-ized by the various detergents (Figure 4). In this figure, the
cisretinol. For the 1leisretinol to 1lleisretinyl ester data are normalized to 100% extraction for 1% SDS (Figure
formation reaction, th&max = 0.13 4+ 0.004 nmol/min/mg 4a) and 100% enzymatic activity for the extraction with
and theK, = 2.08 + 0.04 uM were obtained (Figure 3b). = CHAPSO (Figure 4b). As measured by densitometric analy-
These results show that tLRAT processesciktretinol but sis of the Western blots, 1% SDS extracts virtually all
substantially less efficiently than with allansretinol. The (>95%) of the tLRAT from bacteria, while CHAPSO
approximately 10-fold higher catalytic efficiencya/Km) extraction produces the highest overall enzymatic activity.
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Detergem& Ficure 5: tLRAT homodimer analysis by mass spectrometry.

Proteins were visualized by Coomassie blue staining after-SDS
100 2 PAGE. Hise tagged truncated LRAT (tLRAT) purified by Rfi
o column using an imidazole gradient elution buffer ¢BD0 mM).

SDS-PAGE gel, in each lane, 4d_ (80 ug) of sample was loaded.
Lanes -3 and 5-7, tLRAT in SDS (2%)+ DTT (5 mM) +

1% detergent heating; lanes 4 and 8, tLRAT in SDS (2%) without DTT/heating.
The 20 and 40 kDa bands were excised, trypsin digested, and
analyzed by electrospray tandem mass spectrometry showing 13
(20 kDa) and 11 (40 kDa) LRAT peptides, respectively.
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dimer band (Figure 5). Mass spectrometric investigation of
this dimer shows only LRAT peptides, as shown in Table 1.
From this result, it is concluded that tLRAT can form
homodimers. Under nondenaturing conditions, by Western
Detergent blotting analysis, tLRAT forms dimers, trimers, tetramers,
FIGURE 4: Relative activity and solibilization of tLRAT in the ~ and pentamers (Figure 6). MALDI-TOF mass spectrometry
presence of different agents. (a) tLRAT was extracted with each analysis supports this result revealing monomer (20 086 av.

detergent for 24 h at 4°C, and alltransretinol esterification mass), dimer (40 094), trimer (60 196), and tetramer (80 697)
activity was measured as described in the Experimental Procedurespeaks_

Relative amounts of tLRAT extracted were determined by SDS . . . . . S
PAGE/Western blot. In the absence of added detergent, minimum  Ultracentrifugation AnalysisSedimentation equilibrium

tLRAT activity (20%) was observed in the 13 8p@entrifuged studies of purified tLRAT were performed to examine
supernatant, while no activity<{1%) was observed in the 265 @0  oligomerization because of the proteiprotein hydrophobic

Zitrirs/?tligé é?()Jgg aféﬂ?{%weﬁgﬁftm daerggr‘igitﬁg%?thh?ﬁqgggzmglinteractions under a standard set of nondenaturing conditions
0 . . o . .

force used (e.g., magnetic stirring vs gentle shaking). The values'" solution. Once equilibrium betvyeen monomer and oligo-

are the averages of at least five determinations. mers had been reached, absorption spectra at 280 nm were

collected and analyzed based on global fitting to nonlinear

As seen in Figure 4b, CHAPSO and Triton X-100 allowed least-squares analysis of monormdimer equilibrium model
for higher enzymatic activity than achieved with other (23, 24). The residuals \( axis, upper panel, Figure 7)
detergents such as Tween 801(0%), DMSO «10%), and representA absorbance at 280 nm. The raw data (circles)
SDS (<1%). This relative initial rate data, however, must and the global fit of an ideal monomedimer model (lines)
be compared to the extraction efficiency of the different are shown in the lower panel of Figure 7. It was determined
detergents. The extent of tLRAT extraction in different that solubilized, purified tLRAT exists as a mixture of
detergents varied from almost quantitative in the case of SDS,monomer and dimer. Higher order oligomers did not appear
followed by DMSO (60%), CHAPSO (40%), and Triton under these conditions.
X-100 (30%) (Figure 4a). Immunocytochemistry of Bme Retina and Lier. To test

Dimer Formation of Purified tLRAT. PAGE Analysis. the specificity of polyclonal antibodies against purified
Native bovine LRAT showed functional homodimerization human tLRAT, we chose bovine retina and liver. Bovine
in RPE membranes based on nondenaturing PAGE and crosstissue was selected both because of its availability and
linking studies coupled with kinetic analysig3). It was of because a central region of the bovine retinal pigment
some interest to determine whether dimer formation would epithelium overlying the reflective tapetum lacks melanin.
also occur with tLRAT, inasmuch as this latter enzyme is Thus, the brown reaction product produced during color
devoid of its putative N- and C-terminal transmembrane reaction following antibody binding cannot be confused with
segments. To evaluate possible protginotein interactions,  the brown color of melanin. The RPE was the only cell class
which might stabilize oligomerization of tLRAT, several in the retina that was specifically stained (Figure 8a). The
approaches were used. These include PAGE under differentucleoplasm of the RPE was negative, consistent with the
conditions, mass spectrometric analysis, and sedimentatiorfact that tLRAT is an integral membrane protein, most likely
equilibrium studies. localized to the smooth endoplasmic reticulum, which exists

Under standard SDSPAGE denaturing conditions, in abundance in the RPE.
tLRAT migrates as a monomer (20 kDa) along with a small ~ Hepatocytes of the bovine liver were also specifically
amount of dimer (40 kDa) (Figure 5). The absence of thiol stained (Figure 8b). As in the RPE, staining was distributed
reducing reagent enhances the amount of 40 kDa migratingthroughout the cytoplasm but was absent from the nuclei.
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Table 1: ESI MS/MS Analysis of tLRAT (20 kDa) and tLRAT Homodimer (40 kDa)

20 kDa band 40 kDa band
MH* sequence sequence
855.1520 LILGVIVK
885.0079 GDVLEVPR GDVLEVPR
1011.3395 RLILGVIVK
1015.1545 ALLNEEVAR ALLNEEVAR
1143.3286 KALLNEEVAR KALLNEEVAR
1193.2987 YGTPISPQSDK YGTPISPQSDK
1218.4539 ILLALTDDMGR
1375.4399 NSFYETSSFHR NSFYETSSFHR
1409.6255 ILVNHLDESLQK
1588.6796 GRNSFYETSSFHR
1660.8295 THLTHYGIYLGDNR THLTHYGIYLGDNR
1901.1414 YGTPISPQSDKFCETVK YGTPISPQSDKFCETVK
2000.3970 VAHMMPDILLALTDDMGR
2241.4248 NSFYETSSFHRGDVLEVPR NSFYETSSFHRGDVLEVPR
2691.9541 VDTVEDFAYGANILVNHLDESLQK VDTVEDFAYGANILVNHLDESLQK
coverage 53% 48%
pIT = - Yt 4 + 4+ . RMFBME Residuals
Heat - - - + - + + + - 0.02
sDs - + + + - - 4+ <+ +
100 kDa
S(Jan:t
60 kDa —P| s N
0.4
40 kDa — I e —— e - ——
Abs
20 kDa -— prp—
147- —— 02
I 2 3 4 5 6 7 8 9
Ficure 6: Purified tLRAT oligomer formation. Purified tLRAT
was incubated 45 min in the reducing condition (DTT) and/or
detergent (SDS). Protein was visualized by Western blot analysis. 0.0 1
Lane 1, native sample buffer only; lane 2, SDS (2%); lane 3, SDS
(2%) + DTT(10 mM); lane 4, SDS (2% DTT (5 mM) + heating; . .

lane 5, DTT (5 mM); lane 6, DTT (5 mM}- heating (2 min); lane 5.9 6.0 6.1
7, SDS (2%)+ heating (2 min); lane 8, SDS (2%) BME (10%) ,
+ heating (2 min); and lane 9, SDS (2%) BME (10%). Radius (cm)

FiIGURe 7: Sedimentation equilibrium analysis of tLRAT. tLRAT
The liver also has an extensive smooth endoplasmic reticu-interaction analysis was performed in a Beckman Optima XL-A

; : P, . analytical ultracentrifuge using a 4-hole rotor and six channel cell.
lum, consistent with the staining pattern. Intense staining of A solution of 100uL of tLRAT (15 zM) in a buffer containing 50

the hepatocytes is also consistent with the well-known ability mm sodium phosphate, pH 7.4, 100’ mM NaCl, and 10 mM DTT
of these cells to process retinol into retinyl esters and storeis shown as absorbance vs radial position at equilibrium 0

the retinoid in this form25). Control sections of liver, which anéli_ ‘|15 000 fpﬁll The :‘\C&PS _we;ehtaken at %8(? nm and 0-?1 mn;
are neaative. are shown in Figure Sc. radial step resolution. Analysis of the scanned data was performe
9 » are sho gure 8 with the Origin 3.78 program. The raw data (circles) and the global

DISCUSSION fit of a monomer-dimer equilibrium model (lines) are shown.

LRAT is the only member of a novel class of recently available for purification of this protein, which is contami-
discovered proteins whose function is knowa, (17). nated by all of the other proteins resident in HEK mem-
Included in this family of proteins are tumor suppressors and branes. In addition, the level of expression of LRAT in these
putative viral proteases, making this group of proteins of membranes is quite limitedl). The current studies address
substantial interest. Consequently, it is of interest to under- the goal of preparing a modified version of LRAT to produce
stand the molecular basis of LRAT action and eventually to substantial quantities of purified enzyme needed for func-
determine its structure as a founder member of a new seriegional, structural, and mechanistic studies.
of proteins. As mentioned previously, LRAT is a membrane  Simple hydropathy plots of LRAT suggest that the N- and
bound enzyme and contains at least two transmembraneC-terminal regions are transmembrane segmehtdr( the
segments at its N- and C-termiri)( While LRAT has been  current studies, the N- and C-terminal segments were deleted,
partially purified, the complete purification of the protein giving rise to a truncated version of LRAT, referred to as
from biological sources has not met with success. In commontLRAT. Since none of the known catalytically important
with many membrane bound proteins, as purification of the residues 15, 16) are present in these two terminal regions,
detergent solubilized enzyme proceeds, the activity sharplyit was anticipated that the tLRAT would still maintain
diminishes. Full-length LRAT has already been cloned and catalytic activity and thus serve as a starting point for further
expressed in HEK cells, but here again there is no methodstudies on LRAT function. In addition to having truncated
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of antibodies since only anti-LRAT peptide antibodies are
available at this time4).

In bacteria, tLRAT can be expressed in high yield. The
tLRAT produced in bacteria, however, is not immediately
extracted by mere disruption and centrifugation. Under these
conditions, most of the tLRAT sediments during centrifuga-
tion, suggesting that the protein is either in inclusion bodies

RACRI RIS 2Py or forms aggregates. Therefore, detergents were used to
IR i) ' extract tLRAT from bacteria. Simple detergents, such as
' ' - el guanidinium hydrochloride and urea, while capable of
, - solubilizing tLRAT, led to a tLRAT protein that was
aifial! ] catalytically inert and not readily activated. The most
b VeI Ve effective detergent with respect to yield of extraction was
1% SDS. Using 1% SDS, the tLRAT could essentially be
guantitatively extracted from the bacteria. Unfortunately, the
enzyme is completely inert in 1% SDS. However, substantial
activity can be regained either by diluting the SDS to 0.05%
or by removing some of the SDS by precipitation to lower
its overall concentration. Under these conditions, substantial
catalytic activity is regained. Detergents milder than SDS
were also sought to extract and purify tLRAT. The milder
detergents, including CHAPSO and Triton-X, while not as
effective in solubilizing tLRAT from bacteria as 1% SDS,
produced a form of tLRAT that retains the highest enzymatic
activity without further manipulation. tLRAT extracted in
this manner might be preferred both for structural and
mechanistic studies in the future.
tLRAT, produced in milligram quantities by affinity
chromatography, provided an excellent antigen for the
production of antibodies directed against a substantial portion
of the protein mass. This is significant since the only
antibodies currently available are directed against LRAT
peptides 4). The anti tLRAT antibodies are robust in their

FiGURE 8: Immunocytochemistry of bovine retina and liver using dentification of tLRAT and LRAT by Western blot analysis

affinity purified anti tLRAT antibodies. (a) In the retina, staining and provided excellent reagents for future immunocyto-
is limited to the retinal pigment epithelium (RPE). Retinal photo- chemical localization of LRAT in diverse tissues. Localiza-
receptor outer segments (OS), inner segments (IS), and outer nucleagion of LRAT with these antibodies in the pigment epithelium

layer (ONL) are shown for comparison. (b) Staining in the liver is : : . : .
observed in hepatocytes (H). The nuclei of the RPE and hepatocytesOf the retina and in the liver are consistent with our current

(arrows) are negative, consistent with the putative location of LRAT Understanding that this protein resides in the endoplasmic
in the smooth endoplasmic reticulum of cells. (c) Control section reticulum (ER). From electron microscopic evidence, it is
of liver in which immune IgG was replaced with preimmune IgG. known that both the RPE and liver have an abundance of
x 270. ER membranes distributed throughout the cytoplasm. The
i ) . . general distribution of the staining reaction in the RPE
N- and C-terminal regions, {LRAT also contains a His-tag (rigure 8a) and hepatocytes (Figure 8b) with exclusion from
at its C-terminus, facilitating its purification. We have ine nucleus is in accord with this.
previously described the use of human LRAT (hLRAT),  The availability of purified tLRAT enables us to begin a
encoding constructs containing the wild-type nucleotide ariety of experiments to probe the structure and function
sequence 4). These constructs have been used for the of this novel enzyme. First, the fact that tLRAT retains
evaluation of LRAT protein expression and enzymatic enzymatic activity clearly indicates that the N- and C-
activity following induction in eukaryotic cells4]. In the  terminal regions of the protein are not essential for catalysis.
current study, an expression vector pET 2tp(vas used  Thjs is consistent with what is already known from site-
for the generation of two constructs. The first one contained specific mutagenic experimentss( 16). Having pure tLRAT
a 690 bp DNA fragment encoding a polypeptide of 230 allows for an exploration of its substrate specificity with
amino acid residues, which represented the entire codingrespect to the physiologically relevant retindl€) It is well-
sequence of hLRAT4). In the second construct, a DNA  known that both altrans and 1leis-retinyl esters are
fragment of 495 bp encoding only the intracellular loop of components of the visual cycl@,(3, 7). Consequently, it
the putative LRAT structure was generat@@)( The intent was of some interest to determine whether purified tLRAT
was to remove the two transmembrane domains from the could esterify both altrans- and 11eis-retinols. In a current
amino and carboxy terminals of hLRAT polypeptide to model for the visual cycle function, ditansretinyl esters
increase solubility and further characterize enzymatic activity. are the actual substrates for isomerization taikdretinoids,
We also wanted to produce a form of LRAT that might be and so the LRAT esterification of affansretinol plays an
useful for kinetic analysis, structural analysis, and generationimportant role in the visual cycle?( 7, 8). In the case of
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11-cisretinyl esters, the role of 1dis-retinol acylation lies of pure LRAT will enable the performance of mechanistic
in the storage of excess Xisretinol in the stable retinyl and structural studies on an unusual class of enzymes of
ester form. Kinetic studies on tLRAT demonstrated that both which LRAT is the founder member.

all-trans+etinol and 11eis-retinol are substrates for tLRAT.
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