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Abstract The esterification of alcohols with fatty acids is a
universal mechanism to form inert storage forms of sterols,
di- and triacylglycerols, and retinoids. In ocular tissues, forma-
tion of retinyl esters is an essential step in the enzymatic
regeneration of the visual chromophore (11-cis-retinal). Acyl-
CoA wax alcohol acyltransferase 2 (AWAT2), also known as
multifunctional O-acyltransferase (MFAT), is an integral
membrane enzyme with a broad substrate specificity that has
been shown to preferentially esterify 11-cis-retinol and thus
contribute to formation of a readily available pool of cis reti-
noids in the eye. However, the mechanism by which this pro-
miscuous enzyme can gain substrate specificity is unknown.
Here, we provide evidence for an allosteric modulation of
the enzymatic activity by 11-cis retinoids. This regulation is
independent from cellular retinaldehyde-binding protein
(CRALBP), the major cisretinoid binding protein. This pos-
itive-feedback regulation leads to decreased esterification
rates for 9-cis, 13-cis, or all-trans retinols and thus enables
preferential synthesis of 11-cis-retinyl esters. Finally, electron
microscopy analyses of the purified enzyme indicate that this
allosteric effect does not result from formation of functional
oligomers.Blil Altogether, these data provide the experimen-
tal basis for understanding regulation of AWAT?2 substrate
specificity.—Arne, J. M., M. A. K. Widjaja-Adhi, T. Hughes,
K. W. Huynh, J. A. Silvaroli, S. Chelstowska, V. Y. Moiseenkova-
Bell, and M. Golczak. Allosteric modulation of the substrate
specificity of acyl-CoA wax alcohol acyltransferase 2. J. Lipid
Res. 2017. 58: 719-730.
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In vertebrates, vision depends on photosensitive pigments
composed of 11-cisretinal bound to protein scaffolds (op-
sins), which are localized in the outer segments of specialized
photoreceptor cells, rods and cones (1). Light captured by
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these photoreceptors photo-isomerizes 11-cisretinylidene to
its all-trans configuration, induces a conformational change
in the protein scaffold, and enables G-coupled protein-
mediated signal transduction events that lead to the per-
ception of light (2—4). Following the photo-isomerization,
all-transretinal is released from the opsins. In order to restore
photosensitivity, the visual pigments need to be regener-
ated with the new molecule of 11-cisretinal. To ensure a
proper supply of 11-cisretinal, vertebrates evolved a meta-
bolic pathway called the visual or retinoid cycle (4). This
canonical visual pathway depends on lecithin:retinol acyl-
transferase (LRAT) and retinoid isomerase (RPE65) and
takes place in photoreceptors and retinal pigmented epi-
thelium (RPE) cells (5-8). There is accumulating evidence
that the canonical retinoid cycle fails to explain major dif-
ferences between rod and cone chromophore regenera-
tion. Although these two types of photoreceptors share
common structural design (9), they differ in the dynamic
range of light intensity to which they can adapt (10-12). Rods
are characterized by single photon sensitivity that results in
saturation of their signaling capacity under relatively low
light intensities (11, 13). Contrary to rods, cone responses
have a very high photon saturation threshold, which enables
them to function in photopic conditions (14, 15). Never-
theless, the quantum efficiency of photon capturing by rod
and cone visual pigments is similar (16-18). Consequently,
cones depend on rapid regeneration of the visual pigment
that cannot be fully achieved by the relatively slow canoni-
cal visual cycle (15, 19, 20).
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To support cone pigment regeneration, an alternate
metabolic pathway has been proposed for cis retinoid pro-
duction (20, 21). The principles of this noncanonical visual
cycle are based on retinal-specific enzymatic activities and
differences in retinoid composition between diurnal and
nocturnal animals. In contrast to rats and mice, retinas
and RPE cells of zebrafish, chicken, ground squirrel, ma-
caque, and human contain a substantial amount of 11-cis-
retinyl esters (22). This storage form of 11-cisretinoids can be
readily converted into 11-cisretinal to support cone func-
tion. Although most of the enzymes involved in the cone
visual cycle remain to be uncovered, two enzymes, includ-
ing dihydroceramide desaturase 1 (DESI) (23) and acyl-
CoA wax alcohol acyltransferase 2 (AWATZ2), also known as
multifunctional O-acyltransferase (MFAT), (24) were re-
cently proposed to be involved in this metabolic pathway.
In the current model, DES1 catalyzes equilibrium isomeri-
zation of retinol yielding a mixture containing 9-cis, 11-cis,
9,13-di cis, and 13-cisretinol, and all-transretinol in a ratio
that closely resembles a thermodynamic equilibrium (23).
Interestingly, 11-cisretinol accounts for less than 1% of total
retinol isomers in this mixture, yet only 11-cistetinyl esters
are accumulated in the ocular tissue. The enzyme that pref-
erentially esterifies 11-cisretinol has been proposed to be
AWAT?2 (24). Surprisingly, this integral membrane enzyme
exhibits broad substrate specificity. In addition to vitamin
A and its isomers, AWAT? esterifies aliphatic fatty alcohols
of various chain lengths (25-27). Based on the published
kinetic parameters of human AWAT2 and the cisretinol
composition resulting from DES] activity, one would expect
significant accumulation of retinyl ester isomers different
than 11-¢is, which is not observed in vivo.

To scrutinize the function of AWAT?2 in isomer-specific
retinol esterification, we evaluated the enzymatic activity of
mouse AWAT2 toward retinol isomers and examined the
factors that affect substrate specificity of the enzyme. We
show that AWAT2 enzymatic activity is allosterically modu-
lated by 11-cis retinoids. This regulatory mechanism leads
to decreased esterification rates for 9-cis, 13-cis, or all-trans
retinols. Furthermore, by using isotope-labeled substrates, we
demonstrate that esterification of 11-cisretinol does not de-
pend on cellular retinaldehyde-binding protein (CRALBP).
These data provide a mechanism by which AWAT?2 gains
substrate specificity as needed for the preferential accumu-
lation of 11-cisretinyl esters in the eye.

MATERIAL AND METHODS

Materials

The all-transretinal, deuterated all-fransretinal (5D-all-trans-
retinal), all-fransretinol, 9-cisretinal, 11-cisretinal, and 13-cis-
retinal, as well as 9-cisretinyl palmitate and palmityl myristate,
were purchased from Toronto Research Company. Alternatively,
cis retinoids and their esters were synthetized and purified as de-
scribed below. All-transretinyl palmitate, lauryl chloride, palmi-
toyl chloride, dodecanol, and tetradecanol were obtained from
Sigma-Aldrich, whereas acyl-CoAs were purchased from Avanti
Polar Lipids. HPLC grade solvents were purchased from Fisher
Scientific.
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Chemical synthesis and purification of retinoids

To obtain geometric isomers of retinal or deuterated retinal, a
quartz cuvette containing 0.5 ml of 40 mM all-fransretinal in ace-
tonitrile was placed on ice and exposed to light emitted by a 250
watt halogen bulb equipped with UV light filter. The lamp was
positioned 25 cm above the cuvette. After 15 min, the retinoids
were extracted with 5 ml of hexane. Collected hexane fraction was
washed twice with a saturated solution of NaCl and dried under a
stream of nitrogen. The residual mixture of retinal isomers was
resolubilized in 0.5 ml of hexane. Separation of the geometric
isomers was achieved by HPLC using an Agilent 1100 series system
(Agilent Technologies) equipped with a diode-array detector.
Retinals were eluted from a Luna silica column (250 x 21.2 mm,
10 wm) (Phenomenex) with an isocratic flow of 10% ethyl acetate
in hexane (v/v) at the flow rate of 5 ml/min. The elution profile
of retinoids was monitored at 360 nm. Chromatographic peaks
that corresponded to 9-cis, 11-cis, 13-cis, and all-trans isomers were
collected into separate tubes and the organic solvents were evapo-
rated in a SpeedVac (Eppendorf). Purified retinals were redis-
solved in 0.5 ml of ethanol and stored at —80°C. Concentrations
of the ethanolic stock solutions of retinals were determined spec-
trophotometrically using the following molar extinction coeffi-
cients: 36,100, 24,935, 35,500, and 42,880 M 'em ™! for 9-cis, 11-cis,
13-cis, and all-frans isomers, respectively (28, 29). This procedure
yielded 9-cis, 11-cis, 13-cis, and all-trans isomers of retinal in
10.9/26.1/17.5/45.5 ratio.

Retinals were reduced to the corresponding retinols by react-
ing them with ~4 molar excess of sodium borohydride in 2 ml of
ice-cold ethanol. Progress of these reactions was monitored by re-
cording blue shift of the maximum absorbance of the reaction
mixture from ~360 to ~325 nm, depending on the isomer. Upon
completion, 2 ml of water were added to the reactions and reti-
noids were extracted with 4 ml of hexane. The organic phase was
washed with 4 ml of saturated NaCl solution and dried in a Speed-
Vac. To verify purity of the final products, small aliquots were in-
jected onto a Luna PREP silica column (250 x 4.6 mm, 10 pm)
(Phenomenex) and eluted with 10% ethyl acetate in hexane
(v/v) at the flow rate of 2 ml/min. Purified retinols were redis-
solved in 0.5 ml of ethanol and stored at —80°C.

Retinyl esters were prepared by the reaction between retinols
and 2 molar excess of either acetic anhydride, palmitoyl chloride,
or lauryl chloride in anhydrous dichloromethane in the presence
of N,N-dimethylaminopyridine at 4°C for 4 h. The reaction was
terminated by the addition of water and the retinoids were ex-
tracted with hexane. Completeness of the reaction and purity of
retinyl esters were checked chromatographically using a Luna
PREP silica column (250 x 4.6 mm, 10 pm). Retinyl esters and
their geometric isomers were separated in 1% ethyl acetate in
hexane (v/v), whereas retinols were eluted by increasing ethyl ac-
etate concentration to 10% (v/v). In both cases, the flow rate was
2 ml/min. The isomers were identified based on their character-
istic shape and maxima of the absorbance spectra (4).

Expression of mouse AWAT? in yeast

cDNA of mouse AWAT?2 (NCBI accession number NM_177746)
was purchased from OriGene Technologies. To prepare an
expression vector, the cDNA was amplified by PCR using the fol-
lowing primer pair: forward, GCAGATACTAGTGTTTAATTATCA-
AACAATATCAATAATGTTCTGGCCCACCAAGAAGGACC and
reverse, CGTCTAGACGCGTTCAAACTATCACCAGCTCCTGGG-
TCTCTGAGATGCC. The PCR product was digested with Spel and
Ml restriction enzymes and sub-cloned into the YepM vector
(30). Saccharomyces cerevisiae strain BJ5457 (ATCC) was transfected
by alkali-cation yeast transformation kit (MP Biomedicals) and
the cells were plated on a leucine-deficient selection medium



(—Leu) (MP Biomedicals). Colonies of yeast were picked up from
the plate and inoculated into 25 ml of —Leu medium that con-
tained 10% glycerol (v/v). The culture was incubated at 30°C for
16 h prior to transfer into 2 I of fresh —Leu/glycerol medium.
Yeasts were grown until ODg, reached 1.2-1.4. The cells were har-
vested by centrifugation (6,000 g, 15 min), resuspended in 40 mM
Tris/HCI (pH 8.0) with 250 mM sucrose, and disrupted by micro-
fluidization at 100 psi (five cycles). Cell homogenate was spun to
remove large cellular debris at 12,000 g for 20 min. The resulting
supernatant was then centrifuged at 120,000 g for 1 h to collect
the microsomal fraction, which was subsequently resuspended in
50 mM Tris/HCI (pH 8.0) and 250 mM sucrose, aliquoted, and
stored at —80°C. Expression of AWAT?2 in transfected yeasts was
confirmed by Western blot analysis with anti-AWAT2 polyclonal
antibody (NBP1-91574; Novus Biologicals).

Expression and purification of GST-AWAT?2 fusion protein

To generate glutathione S-transferase (GST)-AWAT2 con-
struct, cDNA of mouse AWAT2 was first subcloned in pGex-2T
vector (GE Healthcare) using the following primers: forward,
GCAGATGGATCCTTCTGGCCCACCAAGAAGGACCG; reverse,
CGTCTAGAATTCTCAAACTATCACCAGCTCCTGGGTCTCTG-
AGATGC; and EcoR1/ BamHI restriction sites. Then, cDNA encod-
ing GST-AWAT?2 fusion protein was amplified by PCR with the
following primers: forward, GCAGATACTAGTGTTTAATTATCA-
AACAATATCAATAATGTTCTGGCCCACCAAGAAGGACC  and
reverse, CGTCTAGACGCGTTCAAACTATCACCAGCTCCTGGG-
TCTCTGAGATGCC. After digestion with Spel and Mul restriction
enzymes, the PCR product was ligated into YepM vector. Expres-
sion of the fusion protein and purification of the yeast micro-
somal fraction was conducted as described above.

To purify GST-AWAT2, the yeast microsomes were incubated
with 20 mM n-dodecyl-B-D-maltoside (DDM) in 5.4 mM sodium
phosphate dibasic, 1.3 mM potassium phosphate monobasic,
137 mM NaCl, and 2.7 mM KCl solution (PBS) for 16 h at 4°C and
spun at 140,000 gfor 1 h at 4°C. The supernatant was diluted with
PBS to lower the concentration of DDM to 2 mM and subse-
quently incubated with glutathione-Sepharose (GE Healthcare)
for 3 h at 4°C. The resin was then placed in a chromatography
column and washed with 10 column volumes of PBS. GST-AWAT?2
was eluted with 10 mM reduced glutathione in PBS. Fractions con-
taining the protein were pooled together, concentrated in a Cen-
tricon (Amicon) cutoff of 100 kDa, and loaded onto a Superdex
200 Increase 10/300 GL size exclusion column (GE Healthcare)
equilibrated with 2 mM DDM in PBS. The protein was eluted with
isocratic flow of the equilibration buffer (1 ml/min).

Negative stained single-particle transmission electron
microscopy analysis

A purified GST-AWAT2 sample at 0.2 mg/ml concentration
was applied onto a glow-discharged carbon-coated copper Quan-
tifoil R2/1 grid (Quantifoil Micro Tools; 400 mesh) and stained
using 2% (w/v) uranyl acetate. Briefly, the grid was blotted with
purified sample and washed twice with distilled water prior to uranyl
acetate staining (1 min). Micrographs were collected on an FEI
Tecnai F20 TWIN microscope with a Tietz TemCam-F416 com-
plementary metal-oxide semiconductor (CMOS)-based camera
(4k x 4k).

The negative stained micrographs were processed with RELION
1.4 software (31). Briefly, 1,603 particles were manually picked to
generate reference-free 2D classes (32). After expanding the data-
set to 4,509 particles, different trials of 3D classification were per-
formed with multiple initial models of GST and GST-AWAT?2
without imposing symmetry restraints. The 3D classes revealed
the particle size distribution of the negative stained dataset. The
3D classification trial with reasonable 3D volume classes (using

volume,/mass conversion of 0.81 Da/ A) was used to reconstruct a
3D structure. All 3D maps were visualized in UCSF Chimera (33).
Alarger dataset of the same negative stain conditions (12,846 par-
ticles) was used to confirm the particle size distribution.

Expression and purification of human apo-CRALBP

A clone of human CRALBP (NCBI accession number P12271.2)
incorporated into pET19b vector was obtained from Dr. J. W.
Crabb (Cole Eye Institute) (34). BI21(DE3) Escherichia coli com-
petent cells (Invitrogen) were transfected with this construct and
a single colony was used to inoculate 25 ml of LB medium
(Thermo Fisher) containing 50 wM ampicillin. Bacterial culture
was grown overnight at 37°C and subsequently transferred to 2 1
of fresh medium. The culture was shaken at 30°C for around 4 h
until ODgy, reached 0.4-0.6. Then, the temperature was lowered
to 25°C and expression of CRALBP was induced by adding iso-
propyl-1-thio-D-galactopyranoside to a final concentration of
0.15> mM. At the same time, ampicillin concentration was in-
creased to 100 M. Four hours later, bacteria were harvested by
centrifugation at 6,000 g for 15 min at 4°C. Bacteria pellet was
resuspended in water and frozen at —80°C. The cells were lysed
by osmotic shock (85) and sonicated (three times for 1 min). The
resulting crude lysate was spun down at 36,000 g for 20 min at
4°C. The soluble fraction, after adjustment of its buffer composi-
tion to 50 mM Tris/HCI (pH 8.0), 250 mM NaCl, and 5 mM im-
idazole, was loaded onto a HisTrap HP, 5 ml column (GE
Healthcare) equilibrated with loading buffer [50 mM Tris/HCI
(pH 8.0) that contained 250 mM NaCl and 5 mM imidazole].
After loading, the column was washed with 10 column volumes of
the loading buffer and CRALBP was eluted with gradient of imid-
azole in the loading buffer (5-300 mM, flow rate 1 ml/min for 30
min). Fractions containing protein were pooled together, con-
centrated on a Centricon (Amicon) cutoff 10 kDa to about 5 ml,
diluted 10-fold with 10 mM Tris/HCI (pH 8.0), and loaded onto
a UNO QI (BioRad) ion exchanger column. CRALBP was eluted
with gradient of NaCl (0-0.5 M) over 30 min at a flow rate of
0.5 ml/min. Collected fractions were examined by SDS-PAGE,
and those containing purified apo-CRALBP were pooled to-
gether, concentrated to 3 mg/ml, and 0.2 ml aliquots were stored
at —80°C.

Formation of holo-CRALBP

The holo-CRALBP was prepared by incubation 2 mg of the
apolipoprotein with 2 molar excess of 11-cisretinol delivered in
DMSO (2%, v/v) for 30 min on ice in 10 mM Tris/HCI (pH 8.0),
10% glycerol (v/v). To remove unbound retinoid, the protein
solution was diluted 10-fold with 10 mM Tris/HCI (pH 8.0), centri-
fuged at 36,000 gfor 15 min at 4°C, and holo-CRALBP was repuri-
fied on a UNO QI column, as described above. The effectiveness
of holo-CRALBP formation was verified spectrophotometrically
by recording UV /Vis absorbance spectrum of the purified protein
sample. The complex of CRALBP with 11-cistetinol revealed a
maxima absorbance ratio A344/A278 of 0.9 that corresponded
to molar ratio of retinoid to the protein of 0.87, as determined
by HPLC-based quantification of 11-cistetinol extracted from
holo-CRALBP.

Acyl-CoA-dependent retinol esterification assay

To test substrate specificity of AWAT2 toward geometric iso-
mers of retinol, 9-cis, 11-cis, 13-cis, or all-transretinol was added
to a reaction mixture containing 20 mM Tris/HCI (pH 7.0), 0.4
mM acyl-CoA, and 2 pl of microsomes isolated from yeast express-
ing AWAT2 (8 g of total protein). The retinoids were delivered
in 2 pl of N,N-dimethylformamide to a final concentration of
100 uM. The total volume of the reaction mixture was 0.2 ml.

Allosteric modulation of AWAT?2 enzymatic activity 721



Although C12:0-, C16:0-, and C18:1-CoA species were tested,
myristoyl-CoA (C14:0) was chosen as a primary source of acyl moi-
ety in most of the experiment because of the highest AWAT2 ac-
tivity in the presence of this acyl-CoA as well as better HPLC
separation of 9-cisretinyl myristate from 11-cisretinyl palmitate
that was used in further experiments. The enzymatic reaction was
carried out at 37°C for up to 150 min and quenched with 0.2 ml
of ethanol. The retinoids were extracted with 0.3 ml of hexane.
The retinoid composition was examined by normal phase HPLC
using a Luna PREP silica column (250 x 4.6 mm, 10 wm) (Phe-
nomenex) with a step gradient of 1% (v/v) ethyl acetate in hex-
ane over 10 min followed by 20 min of 10% (v/v) ethyl acetate in
hexane at a flow rate of 2 ml/min. Retinyl esters were detected at
325 nm and quantified by correlating peak areas with known
quantities of synthetic standards.

To determine the respective K, and V,,, values for each retinol
isomer, the initial velocity of the enzymatic reaction was calcu-
lated in the presence of increasing substrate concentration. The
substrate concentrations ranged between 1 and 140 wM. The re-
action was carried out for 5 min for 11-cisretinol and 10 min for
each of the other retinol isomers. GraphPad software was used to
calculate the kinetic parameters by fitting the experimental data
to the Hill model (equation 1) via nonlinear regression.

Sh]/((Km)h + [S]h)

To evaluate the substrate preference of AWAT?2 in the pres-
ence of a mixture of the different retinol isomers, equimolar con-
centrations of isomers (25 wM each) were added to the same
reaction. The reaction was incubated for 30 min prior to the reti-
noid extraction. All other conditions and analytical procedures
were as described above.

v =Vax X

(Eq. 1)

Determination of mode of inhibition and inhibition
constant

The initial velocity of AWAT2-dependent esterification was
measured in the presence of 0, 2, 4, 6, or 10 uM of 11-cisretinyl
palmitate and variable concentrations of 9-cisretinol. The inhibi-
tion constant (K;) values were estimated by calculating the x-inter-
cept from the equation resulting from the linear regression of the
Dixon (36) and Cornish-Bowden (37) plots. To further evaluate
the mode of inhibition and K;values, the experimental data were
subjected to the nonlinear regression analysis using a mixed inhi-
bition model (equations 2, 3, and 4) (38) available in GraphPad
software package.

_ iUl
Vmax - Vmax/ 1+ QKZ (Eq~ 2)
_ 1] (]
0= Voax X[5] /(Km +[5]) (Eq. 4)

Acyl-CoA-dependent aliphatic alcohol esterification assay

The kinetic parameters for the acyltransferase activity of
AWAT?2 were examined by incubating microsomes isolated from
yeast cells expressing AWAT2 (8 ng of total protein) with tetra-
decanol at a concentration between 1 and 140 pM and 0.4 mM
myristoyl-CoA in 20 mM Tris/HCI buffer (pH 7.4). The alcohols
were delivered in 2 pl of N,N-dimethylformamide added to 0.2 ml
of the reaction mixture. The enzymatic reaction was carried out at
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37°C with moderate shaking in an Eppendorf thermomixer (600
rpm) for 10 min and terminated by the addition of 0.2 ml of etha-
nol. To enable LC-MS-base quantification of the fatty acid esters,
200 pmol of an internal standard (palmityl myristate) were added
to each sample prior to extraction with 0.3 ml of hexane. After 2
min centrifugation at 18,000 g, the organic phase was collected
from which 0.1 ml was injected onto a Luna PREP silica column
(250 x 4.6 mm, 10 wm). The wax esters were eluted with an iso-
cratic flow of 2% ethyl acetate (v/v) in hexane at a flow rate of 1.4
ml/min. The eluent was directed into an LXQ linear ion trap
mass spectrometer (Thermo Scientific) via an atmospheric pres-
sure chemical ionization source working in the positive mode. To
ensure adequate sensitivity, the mass spectrometer parameters
were tuned for palmityl myristate. Areas under ion intensity peaks
for the internal standard and product of the enzymatic reaction
were calculated using Xcalibur 2.2 software (Thermo Scientific).

Examination of role of CRALBP in 11-cisretinol
esterification

To verify whether 11-cisretinol bound to CRALBP is preferen-
tially esterified by AWAT2, the enzymatic reaction was conducted
in the presence of equimolar concentrations (50 wM) of holo-
CRALBP and isotopically labeled 5D-11-cisretinol. The reaction
was terminated by the addition of 0.2 ml of ethanol at different
time points and retinoids were extracted with 0.3 ml of hexane.
The isotopic composition of 11-cistetinyl esters was examined by
LC-MS. The hexanoic fraction was injected onto a Luna PREP
silica column (250 x 4.6 mm, 10 wm) and retinyl esters were sepa-
rated from unreacted 11-cisretinol by a step gradient of ethyl ac-
etate in hexane (2% for 10 min, followed by 20% for the next 10
min) at the flow rate of 1.4 ml/min. The eluent was directed into
an LXQ linear ion trap mass spectrometer as described above.
The portion of deuterated retinyl esters was calculated by compar-
ing relative ion intensities at m/z 269.3 [MH-H2O]+ and m/2274.3
[MH-H,O]" that corresponded to unlabeled moiety and deuter-
ated retinoid moiety, respectively.

The back exchange between CRALBP and free retinoid was
examined by incubating holo-protein with 5D-11-cisretinol in
conditions equivalent to those used in the enzymatic assay. The
only difference was that the yeast microsomal fraction was isolated
from cells that did not express AWAT2. The samples were incu-
bated for 5, 10, 15, or 20 min and then loaded onto a HiTrap Q
HP column (5 ml) (GE Healthcare) equilibrated with 10 mM
Tris/HCI (pH 8.0). CRALBP was eluted with a gradient of NaCl
(0-0.5 M) over 30 min at the flow rate of 1 ml/min. Fractions
containing repurified protein were pooled together, concen-
trated to 0.2 ml, and the 11-cistetinol was extracted by addition of
0.2 ml ethanol and 0.3 ml of hexane. The isotopic composition of
11-cistetinol was examined by LC-MS.

Statistical analysis

Data are represented as the mean + SD. For the statistical analysis,
results of at least three independent experiments were repeated in
duplicate. The significance between two groups was determined
by unpaired Student’s ttest, whereas the difference between mul-
tiple groups was analyzed using one-way ANOVA. SigmaPlot 11.0
(Systat Software) was used to perform the statistical analysis.

RESULTS

Mouse AWAT?2 preferentially esterifies 11-cis-retinol

The high catalytic efficiency of 11-cisretinol esterification
by human AWAT2 (24) contrasts with the very broad sub-
strate specificity of the enzyme (25, 26) and its mouse
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Fig. 1. Enzymatic activity of AWAT?2 toward geometric
isomers of retinol. A: Western blot detection of mouse
AWAT?2 in microsomal fraction isolated from yeast
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ortholog (27). In addition to retinols, AWAT?2 accepts a va-
riety of long-chain alcohols leading to formation of wax esters
(25-27). To verify whether 11-cis specificity is characteristic
for AWAT?2 from cone-rich species, such as humans, or
whether this phenomenon represents a more general prop-
erty of AWAT?2 from rod-dominant animals, we expressed
mouse AWAT?Z in yeast cells and tested its enzymatic activity
toward geometric isomers of retinol. Because AWAT?2 is an
integral membrane protein localized in the endoplasmic
reticulum, we used isolated microsomal fractions as a source
for the enzymatic activity (Fig. 1A). The advantage of using
yeast for expression of vitamin A-processing enzymes is the
lack of endogenous retinoid metabolism. Suitably, the micro-
somes isolated from control yeasts did not demonstrate any
detectable retinyl ester formation. Also, AWAT2-dependent
esterification did not occur in the absence of externally
added acyl-CoAs, indicating that endogenous acyl-CoAs
were not copurified with the microsomal fractions.
Incubation of vitamin A or its 9-, 11-, and 13-cis isomers
with the microsomes containing AWAT? resulted in the for-
mation of corresponding retinyl esters (Fig. 1B). Notably, ef-
ficiency of the product formation strongly depended on the
geometric isomer, as evidenced by comparison of the reac-
tion time courses (Fig. 1C). Esterification of 1l-cisretinol
progressed much faster than 9-cis, all-trans, or 13-cis isomers.
These differences were reflected in kinetic parameters deter-
mined for each of the substrates (Fig. 1D, Table 1). The ini-
tial rate of the reaction, asa function of retinoid concentration,
followed a typical steady state enzymatic kinetic. Thus, the
kinetic parameters were calculated by fitting the experimen-
tal data to the Michaelis-Menten model. Maximum velocity
(Ve for the esterification of 11-cisretinol was over three

times higher than for 9-cisretinol and more than 14 times
greater than for all-frans and 13-cisretinol, reaching 14.5
nmol/min/mg of total protein. Interestingly, the apparent
Michaelis-Menten constants (K,,) calculated for each of the
isomers ranged between 20.9 and 26.7 uM; however, the dif-
ferences between them held no statistical significance. More-
over, they were comparable to K, values determined for
tetradecanol, a nonretinoid long-chain alcohol (Fig. 2A, B;
Table 1). Similarly to human AWAT?2 (24), these kinetic data
indicate favorable esterification of 11-cis over other isomers
of retinol for the mouse enzyme. However, there is an impor-
tant deviation in how this substrate preferentiality is achieved.
Unlike the human enzyme, which was characterized by ap-
proximately four times lower K, for 11-cisretinol than for
otherisomers and a V. similar to that calculated for the 9-cis
isomer, mouse AWAT?2 revealed no differences in K,, across
tested substrates, but rather possessed a much higher V,,,,
value for the 11-cisisomer.

CRALBP-bound and free 11-cis-retinol as substrates for
AWAT2

Itis entirely plausible that the kinetic parameter of AWAT?2
may not play a decisive role in determining 11-cisretinol

TABLE 1. Kinetic parameters of AWAT2-dependent esterification of
retinol isomers
Substrate K, (nM) Vinax (nmol/min/mg)
9-cisretinol 23.76 + 6.24 4.55 + 0.36
11-cisretinol 26.22 + 3.95 14.52 + 0.69
13-cisretinol 35.18 + 7.82 1.06 + 0.08
all-transretinol 23.59 + 3.06 0.66 + 0.04
tetradecanol 48.98 + 17.56 1.2+0.13

Allosteric modulation of AWAT?2 enzymatic activity 723



Fig. 2. AWAT?2 activity toward long-chain alcohol. A:
LC-MS-based detection of myristate ester. The ex-
tracted ion chromatogram represents elution of prod-
uct of the enzymatic reaction (myristyl myristate)
detected at m/z425.3 [MH]". In addition to these ions,
the MS spectrum averaged across this chromatography
peak displays ions corresponding to palmityl myristate
(m/2453.3 [MH]") that served as an internal standard
for the purpose of quantification. B: Rate of myristyl
myristate formation as a function of concentration of
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specificity of the enzyme. Alternatively, the substrate speci-
ficity of AWAT2 could be achieved by the interaction of
AWAT?2 with a specialized 1l-cisretinol binding protein
(CRALBP). CRALBP is expressed in the RPE and Miiller
glia cells and facilitates the intracellular transport of cis reti-
noids (39, 40) (Fig. 3A). To test this hypothesis, we com-
pared the enzymatic activity of AWAT?2 in the presence of
11-cistetinol delivered to the reaction mixture in an or-
ganic solvent (free form) or prebound to CRALBP. As
shown in Fig. 3B, if tested separately, these two routes of
substrate delivery did not affect progress of the esterification

[Myristyl alcohol] (uM)

myristyl alcohol. By analogy to production of retinyl
esters, the experimental points were used to determine
the kinetic parameters for the enzymatic wax formation.

reaction. To further investigate the dependence of esterifi-
cation on the carrier protein, the reaction was performed in
the presence of equimolar concentrations of holo-CRALBP
and free 11-cisretinol labeled with five nonexchangeable
deuterium atoms (Fig. 3C, D). Upon extraction with hex-
ane, the isotopic composition of the esterification products
was examined by LC-MS (Fig. 3E, F). A chromatography
peak that corresponded to 1l-cisretinyl esters revealed
presence of both m/2269.2 and m/2274.2 ions. These peaks
correspond to the loss of acyl moiety from the unlabeled
and labeled molecules upon ionization. Although the

Fig. 3. AWAT2-dependent esterification of 11-cis-
retinol in the presence of holo-CRALBP. A: The apo-
CRALBP expressed in E. coli cells was purified to
homogeneity (inset) and preincubated with 11-cisreti-
nol to form holo-protein. After repurification, the ef-
ficiency of ligand binding was verified by recording
UV/Vis absorbance spectra. The spectrum indicates
two maxima at 278 nm corresponding to the protein
scaffold and at 344 nm that is representative of bound
11-cisretinol. B: The time course of 11-cisretinol es-

terification in the presence of either free (open circle)
or CRALBP-bound (filled circle) substrate. C, D: Veri-
fication of the isotopic composition of 11-cisretinol
(C) and its deuterated form (D). C: The MS spectrum
of unlabeled retinoid reveals the main isotopic peak at
m/z269.3 that corresponds to ionization-driven loss of
water from the parent ion. The conforming tandem
spectrum (MS2) shows the fragmentation pattern of
the retinoid moiety. D: The main peak for heavy atom-
labeled 11-cistetinol is at m/z 274.3 that indicates five
deuterium atoms incorporated into the molecule. The
ion at m/z 274.3 that corresponds to the molecules la-
beled with only four heavy atoms represents less than
20% of the mixture. Importantly, the unlabeled reti-
noid was not detectable. E: HPLC separation of 11-cis-
retinol (blue peak) and its esterified form (green
peak) after 2 min incubation of AWAT2 with holo-
CRALBP and free 5D-11-cisretinol. The isotopic com-
position of the substrates (blue) and products (green)
are shown in (F), whereas (G) represents temporal
changes in the ratio between labeled and unlabeled
11-cisretinyl esters during the enzymatic reaction
(filled circle) and the time course of ligand exchange
between holo-CRALBP and free 1l-cisretinol (gray

w diamonds).
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higher intensity of m/z 269.3 ions at early time points may
suggest preferential esterification of the substrate bound to
CRALBP (Fig. 3F, G), contribution of free deuterated
11-cistetinol was very substantial. At the 1 min time point,
deuterated 11-cistetinyl esters represented 44% of total
products. At this time point, less than 5% of the substrate
was converted to the product, thus accumulated apo-CRALBP
that could be reloaded in situ with free deuterated 11-cis-
retinol had only minor influence on the obtained results.
CRALBP was shown to exist in two conformational states
that affect the lipid-exchange loop region (41-43). Dynamic
transitions from open to closed conformations affect access
to the ligand-binding cavity and also influence stability of
the ligand-bound form of the protein. Thus, to assess the
rate of back-exchange of the ligand, holo-CRALBP was
incubated with deuterated 11-cisretinol in conditions anal-
ogous to those used for the enzymatic assay with the excep-
tion of the microsomes that were isolated from cells not
expressing AWAT?2. The carrier protein was subsequently
repurified on a HiTrap Q HP ion exchange column and
the isotopic composition of 11-cisretinol associated with
the protein fractions was examined by LC-MS. Addition of
equimolar amounts of deuterated 11-cistetinol to holo-
CRALBP resulted in time-dependent enrichment in isoto-
pically labeled ligand bound to the protein. Nearly 80% of
the ligand was exchanged within 7 min of incubation and
the equilibrium was achieved after 15 min (Fig. 3G). Al-
though, the rate of exchange definitely confirmed the dy-
namic nature of CRALBP interaction with the ligand, this
phenomenon did not affect the overall interpretation of
the data. Formation of retinyl esters from labeled and unla-
beled retinols became detectable at very early time points,
whereas the time required for back-exchange was signifi-
cantly longer. Thus, both the carrier protein-bound and
free 11-cisretinol served as effective substrates for AWATZ2,
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indicating that the CRALBP-dependent delivery of the li-
gand is not a major factor that determines substrate speci-
ficity of the enzyme.

Activity of AWAT?2 in the presence of a mixture of retinol
isomers

DES1 enzymatic activity produces a mixture of retinol
isomers, which contains less than 1% of the 11-cis isomer
(23). Although effective concentrations of retinol in the
retina are difficult to estimate, it is legitimate to assume
that, as with most enzymes, AWAT2 operates in substrate
concentrations far below the K, values. By knowing the en-
zymatic parameters and ratio between the substrates, we
can model the progress of the product formation. Such
analysis clearly indicates that differences in K, or V. do
not compensate for the over 100-fold higher concentration
of 9- and 13-cistetinol (Fig. 4A). In fact, 9- and 13-cisretinyl
esters constitute the main products formed even at the
earliest time points. Although lack of accumulation of
13-cisretinyl esters can be explained by the absence of an
acceptor for 13-c¢is retinoid in vivo, 9-cistetinal would be
incorporated into the opsins. Thus, kinetic parameters for
either human or mouse enzyme do not explain the exclu-
sive accumulation of 11-cisretinyl esters in the eyes.

In the standard enzymatic assay, AWAT?2 was incubated
with a single type of substrate. However, in physiological
settings, the enzyme operates in the presence of several
retinol isomers. To imitate this condition, the esterification
reaction was performed with equimolar concentrations of
9-, 11-, and 13-cisretinol, and all-transretinol. HPLC analy-
sis showed that the predominant chromatography peak
corresponded to 11-cistetinyl myristate (Fig. 4B). Surpris-
ingly, this analysis revealed the absence of 9-cis-, 13-cis-, or
all-transretinyl esters. Based on the kinetic parameters
described above, lack of evident 9-cis-retinyl esters was
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Fig. 4. Substrate selectivity of AWAT?2 in the presence of a mixture of retinol isomers. A: Theoretical prog-
ress of the esterification reaction. Accumulation of 9-, 11-, and 13-cisretinyl esters shown as dashed line, solid
line, and dotted line, respectively, was simulated based on the kinetic parameters summarized in Table 1. The
initial concentrations of the substrates resembled thermodynamic equilibrium between retinol isomers and
were set below the K, values at 0.1, 1.0, and 2.3 pM for 11-, 9-, and 13-cis isomers, respectively. B: Representa-
tive chromatograms indicate changes in the composition of retinol isomers upon incubation with AWAT?2.
Trace (a) corresponds to separation of 9-cis-, 11-cis-, 13-cis-, and all-transretinol (peaks 1, 2, 3, and 4, respec-
tively) from an equimolar mixture. Trace (b) shows the composition of retinoids extracted after 30 min of
incubation in the standard condition for AWATZ2 enzymatic assay. Disproportional (compared to other iso-
mers) esterification of 11-cisretinol is evident by diminishing of peak 2 and concomitant appearance of peak
2’ corresponding to 11-cisretinyl myristate. C: The time course of the enzymatic reaction conducted in the
presence of mixture of retinol isomers. Because formation of retinyl esters other than 11-¢is was not sufficient
for reliable quantification, the data are represented as ratios between substrates 11-¢is- or 9-cistetinol (filled
circles) and 13-cisretinol (open circles). The dashed line corresponds to the expected rate of 9-cisretinyl
myristate formation based on the kinetic parameters determined solely in the presence of 9-cisretinol (Fig.
1A, C, D; Table 1). There is an apparent discrepancy between the efficiency of 9-cistetinol esterification in the

presence and absence of other retinol isomers.
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particularly astonishing. Thus, to better characterize this
phenomenon, we followed the reaction progress over time.
Because the amount of retinyl esters other than 11-cis was
not sufficient for reliable quantification, the disappearance
of corresponding alcohol substrates was used to monitor
the progress of the reaction. Additionally, to correct for
thermal conversion of 9- or 11-cisretinol into 13-cisretinol
upon prolonged incubation, we represented the data as ra-
tios between these isomers. This analysis showed that, as
compared with the reaction progress estimated based on
Vinax Value, esterification of 9-cisretinol was dramatically at-

max

tenuated in the presence of other isomers (Fig. 4C).

The 11-cisretinoids modulate isomer specificity of AWAT?2

To investigate the origin of the altered enzymatic activity
of AWAT?2 in the presence of a mixture of retinol isomers,
we examined to determine whether reaction products ex-
hibited any influence on the enzymatic reaction. Under
the applied experimental conditions, addition of 9-cis-, 13-
cis, or all-transretinyl palmitates did not have any effect on
formation of 9-cis- or 11-cistetinyl myristate. In contrast, the
presence of 10 uM 11-cisretinyl palmitate significantly re-
duced the amount of 9-cistetinyl ester produced by AWAT2
(Fig. 5A-C). The 11-cistetinyl palmitate also inhibited
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13-cis- and all-transretinol esterification, but, importantly,
had no effect on formation of 11-cisretinyl myristate
(Fig. 5B). To determine whether the inhibitory effect was
related to the acyl moiety carried by the retinyl ester, we
examined 1l-cisretinyl laurate and acetate in addition to
11-cisretinyl palmitate. All of these derivatives showed com-
parable reduction in esterification of 9-cisretinol (Fig. 5D).

Following the identification of 1l-cisretinyl esters as
modulators of AWAT? activity, we determined the mode of
inhibition by measuring changes in the initial rate of the
enzymatic reaction in the presence of 2, 4, 6, or 10 uM of
11-cisretinyl palmitate. The kinetic parameters were calcu-
lated by fitting the experimental data to the Hill model.
Increasing the concentration of 11-cistetinyl palmitate led
to a dramatic reduction in the maximum rate of the reac-
tion, as compared with the control experiment (Fig. 6A).
Concomitantly, changes in K,, were relatively modest, sug-
gesting that 11-cistetinyl palmitate acts predominantly in a
noncompetitive fashion (Table 2). However, to better as-
sess the mode of inhibition, the data were fitted into a
mixed-model inhibition plot. Values of the parameter «,
which determines the degree to which the binding of in-
hibitor changes the affinity of the enzyme for the sub-
strate, were calculated to be 0.83 + 0.23. Because o >> 1
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Fig. 5. The effect of 11-cisretinyl esters on AWAT?2 activity. A: Inhibition of 9-cisretinol esterification in the
presence of 11-cisretinyl palmitate. The enzymatic reaction was carried out in the presence of 6 uM 11-cis-
retinyl ester and 100 pM 9-cistetinol. After 20 min of incubation, the retinoid composition was examined by
HPLC. The analysis indicated a lower amount of 9-cistetinyl esters (peak 3’) produced in the presence of
11-cistetinyl esters (gray trace) as compared with a control reaction (black trace). The chromatography peaks
were identified based on the elution time and characteristic UV/Vis spectra (insets). The 11-cisretinyl ester
and the corresponding spectrum with maximum absorbance at 318 nm are marked with asterisks. Peak 3 and
confirming UV/Vis spectra with maximum at 324 nm (inset) indicate 9-cisretinol. B: The 11-cisretinyl palmi-
tate (11-¢issRP) inhibited esterification of 9-cis-, 13-cis-, or all-transretinol, but not 11-cisretinol. Ten micro-
moles of selected retinyl esters were preincubated with AWAT?2 containing microsomes prior to the addition
of the alcohol substrate. C: The 9-cis, 13-cis-, or all-transretinyl palmitates had no effect on esterification of
retinol isomers. D: The inhibitory effect of 11-cisretinyl esters was not dependent on the length of the acyl
moiety. Results of the enzymatic assays performed in the presence of 11-cisretinyl palmitate, laureate (LA), or
acetate (AC) revealed a comparable level of inhibition for each of the tested compounds.
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Fig. 6. Characterization of the mode of inhibition
by 11-cistetinyl palmitate. A: The effect of 11-cisretinyl
palmitate on the initial reaction rates. The enzymatic
activities were measured at concentrations ranging
from 0 to 10 pM as indicated by the numbers adjacent
to each of the curves. The experimental points were
fitted to the Hill equation (black lines) and the appar-
ent values for K, and V., were calculated (Table 2). A
significant decrease in V,,,, values was not accompa-

max

nied by major changes in K,, suggesting a noncom-
petitive mode of inhibition. Further confirmation of
the type of inhibition and determination of the inhibi-
tion constants was achieved by analyzing the ratio be-
tween the substrate concentration for half-saturation
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and the limiting rate (K,/V,.) (B), a Dixon plot
showing the relationship between the reciprocal veloc-
ity of the reaction and the inhibitor concentration
(C), and Cornish-Bowden plot where the ratio be-
tween the substrate concentration and the initial
velocity was plotted against the inhibitor concentra-
tion (D). For panels C and D numbers adjacent to
each of the curves indicate the substrate concentra-
tions (LM).

4 2 0 2 4 6
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indicates competitive inhibition and a = 0 relates to a pure
uncompetitive inhibitor, we concluded that the calculated
values confirmed a largely noncompetitive mode of ac-
tion. A subsequent calculation of K;based on the noncom-
petitive model yielded a value of 4.5 + 0.34 M. A similar
value of 4.2 uM was obtained when the K,/ V., was plot-
ted as a function of the inhibitor concentrations (Fig. 6B).
These calculations were further confirmed by the Dixon
plot that yielded K; = 4.4 uM for the inhibitor binding to
the free enzyme (Fig. 6C), whereas a slightly smaller value
of 3.4 uM was obtained using a Cornish-Bowden plot for
determining binding of the inhibitor to the enzyme-sub-
strate complex (Fig. 6D).

These data indicate that 11-cisretinyl esters affect the
acyl transfer onto retinol isomers by impeding esterifica-
tion of 9-cis, 13-cis, and all-trans retinols. Because the rate
limiting step of the enzymatic reaction is the deproton-
ation of a substrate’s alcohol group, the lack of changes in
K, values in the presence of 11-cistetinyl esters suggests
that the inhibition is not related to alterations in substrate
affinity. Instead, this effect can most likely be attributed
to allosterically induced changes in the active site of the

TABLE 2. Changes in the kinetic parameters of 9-cisretinol
esterification in the presence of 11-cisretinyl palmitate

Inhibitor 11-¢is-RP (uM) K, (uM) Vinax (nmol/min/mg)
0 22.25 + 2.48 4.53 +0.17
2 24.32 +2.27 3.81 £0.12
4 21.87 + 4.04 2.61 £0.16
6 18.74 + 1.73 1.82 +£0.05

15.26 + 2.58 0.96 + 0.05

11-¢isRP, 11-cisretinyl palmitate.

[11-cis-RP] (uM)

enzyme, which impede the activation of the substrate and
decrease V,

max*

The oligomeric state of AWAT2 examined by electron
microscopy

Allosteric modulation of enzymatic activities is often ac-
complished via functional oligomeric assembly of an en-
zyme. Therefore, we tested to determine whether AWAT?2
forms ordered homo-oligomeric structures. Because our
attempt to purify native AWATZ from yeast microsomes did
not yield sufficient quality protein sample, the enzyme was
expressed and purified in a GST-fusion form. After solubi-
lization with DDM, the enzyme was purified on a glutathi-
one affinity resin followed by gel filtration in the presence
of the detergent. The resulting GST-AWAT?2 fusion protein
was imaged by negative-stain electron microscopy (EM)
that allowed for the visualization of individual protein par-
ticles. Separate protein particles with consistent size and
shape were evident in the micrographs (Fig. 7A). These
represented GST-AWAT2 monomers and more abundant
homo-dimers. Larger heterogeneous particles, which are
characteristic for nonspecific protein aggregates, were ex-
cluded from further analysis. Single-particle analysis was
used to reconstruct a 3D EM map of GST-AWAT?2 in the
absence of enforced symmetry (Fig. 7B). The density for
the well-ordered GST-AWAT2 fusion protein was clearly
distinguishable in most of the 2D classes and in the recon-
structed 3D map (Fig. 7B). Because GST forms an obliga-
tory dimer on its own, the oligomeric state of GST-AWAT?2
can be attributed predominantly to GST-GST interaction.
We did not find evidence for higher order oligomers that
involved contacts between AWATZ2; thus, the monomer
most likely constitutes a functional unit of the enzyme.
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DISCUSSION

In most tissues, retinol esterification and the subsequent
accumulation of chemically inert retinyl esters in cytoplas-
mic lipid droplets provide a safe way to store excess vitamin
A and control retinoid homeostasis. However, in the eye,
retinyl esters are an integral part of a metabolic pathway
that results in the regeneration of visual pigments. In the
established canonical visual cycle, LRAT-dependent esteri-
fication of vitamin A provides a direct substrate for RPE65
to produce 11-cistetinol (44, 45), whereas the cone-specific
regeneration pathway may rely on a mass action-driven ac-
cumulation of 1l-cisretinyl esters facilitated by AWAT2
(24). Although the end product is identical, these two
esterification reactions fundamentally differ. LRAT is a
highly specialized enzyme with a relatively narrow substrate
specificity that utilizes phosphatidylcholine as a donor of
the acyl moiety (46—48). Alternatively, retinol esterification
is accomplished in an acyl-CoA-dependent manner by an
acyl-CoA diacylglycerol acyltransferase (DGAT)1 and sev-
eral representatives of the DGAT2 protein family, includ-
ing AWAT2. In contrast to LRAT, these enzymes utilize a
broad spectrum of acyl acceptors and mediate the synthesis
of di- and triacylglycerols or wax mono-esters in addition to
retinyl esters (25, 26, 49, 50). Consequently, the elucida-
tion of factors that determine substrate specificity of this
class of enzymes becomes critical for understanding their
biological functions.

Because of the growing interest in the role that AWAT?2
partakes in ocular vitamin A metabolism, we investigated
the activity of AWAT2 toward retinol isomers and con-
firmed the enzyme’s supreme efficiency in esterifying

Fig. 7. FEvaluation of the oligomeric state of AWAT?2
by EM. A: A representative cryo-electron micrograph
of purified GST-AWAT?2. The red squares indicate fu-
sion protein monomers, whereas the green circles in-
dicate fusion protein homodimers. The 2D classes
shown were produced using the 1,603 particle dataset.
The top row of classes represents fusion protein mono-
mers, whereas the second row corresponds to homodi-
mers. Each row is marked with the percentage
distribution of each oligomeric state calculated from
the 12,846 particle dataset. B: Three views of the 3D
reconstructed density adjusted to a reasonable volume
using the volume/mass conversion of 0.81 Da/ A. The
crystal structure of GST (purple) is docked into the
density using the Chimera fit to map function.

11-cisretinol as compared with the 9-cis, 13-cis, or all-trans
isomers. Interestingly, we noted that, in the presence of a
mixture of different isomers, the rate of production of reti-
nyl esters, other than 11-cis, was further suppressed, lead-
ing to the hypothesis that 11-cisretinyl esters might be
responsible for this effect. Kinetic studies provided experi-
mental support for this postulate. The molecular mecha-
nism by which 11-cistetinyl esters influence AWAT? activity
is not entirely clear at present. The most plausible scenario
is that the binding of 11-c¢is retinoids causes a ligand-in-
duced structural rearrangement that makes the enzyme
more efficient in 11-cistetinol esterification (Fig. 8). The
conformational change that creates this positive feedback
system does not need to be extensive. A significant decrease
in V.. in the presence of 11-cisretinyl esters was accompa-
nied by a lack of major variations in K,, values, suggesting
that the rearrangement does not affect binding of the sub-
strate, but rather is restricted to a few catalytic residues.
The enzymatic activity of AWAT2 depends on a histidine
residue that is a part of the conserved HHXXXDG motif
(51). This histidine serves as a general base enabling activa-
tion of the substrate’s hydroxyl group. Because geometric
isomers of retinol differ in spatial positioning of the func-
tional group, even slight reorientation of the imidazole
ring with the histidine residue in respect to the substrate’s
hydroxyl group may impose profound effects on the effi-
ciency of the enzymatic reaction. The overall measurable
enzymatic effect of such changes would be an enhanced
esterification of 11-cisretinol accompanied by a suppres-
sion of the enzymatic activity toward other isomers.

It is important to note that the effect of 11-cisretinyl es-
ters does not exclude the possibility that 11-cisretinol itself

A Acyl-CoA B Acyl-CoA
Fig. 8. A schematic representation of the modula-
tion of AWAT?2 enzymatic activity. A: In the absence of
9-cis-ROL L L. ) . )
Fpeit 11-0is-ROL l.llczs—retm.olds, AWAT2. reve.dls relaxed §ubstrdte selec
all-trans-ROL retinyl esters ‘ gasROL 11-cis-retinyl esters tivity allowing for esterification of a variety of geomet-

)

AWAT2

Lipid membrane
N

AWAT2
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.

ric isomers of retinol. B: Interaction of the retinoid
moiety in the 11-¢is configuration with a putative allo-
steric site (marked with green boundary) leads to
changes in the active site (blue and orange boundar-
ies) that result in narrowing substrate specificity of the
enzyme and selective production of 11-cisretinyl esters.



may be a physiological regulator of AWAT?2. The lack of
clear dependence of AWAT?2 activation on the length of
the acyl moiety in 11-cisretinyl esters provides support for
this hypothesis. Thus, although difficult to prove experi-
mentally, the accelerated rate of 11-cisretinol esterification
may already be a result of enzyme activation by the substrate.
This type of substrate activation is not unprecedented in
acyltransferases. The representative example is ACATI,
which was shown to be allosterically activated by choles-
terol and oxysterols in addition to the less effectual transla-
tional and posttranslational mechanisms (52).

Although the allosteric ligand-induced conformational
changes may occur via interactions between multiple pro-
tomers, it is difficult to rationalize this model in light of the
biochemical data. The absence of sigmoidal dependence
of the reaction velocity on 11-cisretinol concentration when
the enzyme is incorporated into the phospholipid mem-
brane and the lack of evidence for spontaneous AWAT?2-
induced oligomerization of purified GST-fused enzyme
strongly suggest that the monomer of AWAT?2 is the func-
tional unit that is regulated. If this model turns out to be
correct, it would be interesting to discover whether the 11-cis
retinoid binding site, which causes modification of the en-
zymatic activity, is the same as or distinct from the catalytic
site for esterification.

By investigating factors that might influence AWAT?2 ac-
tivity, we excluded the possibility that CRALBP serves as a
special carrier that delivers 1l-cisretinol to the enzyme
and, thus, affects substrate specificity. Consequently, 11-cis-
retinol produced by DESI is likely not channeled to
AWAT?2 via CRALBP in vivo. Furthermore, the experimen-
tal approach employed in this study provided evidence of a
dynamic exchange between a ligand bound to CRALBP
and external 11-cisretinol. This finding coincides with pre-
vious molecular dynamics calculations as well as observations
that CRALBP releases its retinoid cargo upon interaction
with negatively charged phospholipids (53). These molec-
ular properties of CRALBP clearly indicate that this carrier
protein cannot serve as a storage pool of 11-cis retinoids
inside the cell, but rather is involved in facilitating rapid
transport of the ligand between cellular compartments or
plasma membrane.

RPE cells and retina are the only tissues in which 11-¢is
retinoids are abundant and play important physiological
functions. Thus, we believe that the regulatory mechanism
described in this report principally applies to the eye. How-
ever, AWAT?2 is not an eye-specific protein. In fact, it is ex-
pressed predominantly in the epidermis and sebaceous
gland (25, 26). Moreover, its expression pattern within the
ocular tissues is not limited to Muller cells or RPE, but
spreads over other cell types (24). How might a broadly
expressed and promiscuous enzyme contribute to the spe-
cific production of 11-cisretinyl esters in the eye? To answer
this question one needs to consider the multifunctionality
of acyl-CoA-dependent acyltransferases attributed in their
substrate ambiguity. Thus, the exact function of these en-
zymes depends mostly on the accessibility to the specific
substrates or their composition, which in turn is deter-
mined by cell type. AWAT?2 seems to be a perfect example

illustrating this concept. While expressed in tissues lacking
11-cistetinol, the function of AWAT?2 is based on its catalytic
activity toward long-chain alcohols or mono- and di-glycer-
ols; whereas in cells containing robust retinoid metabo-
lism, formation of retinyl esters might become dominant.
Thus, in a larger sense, AWATZ2 can be considered a case of
gene sharing that describes different functions of a protein
associated with similar molecular mechanisms, but differ-
ent substrates, depending on the cell types.

In summary, biochemical analyses of AWAT2 led to the
identification of a mechanism in which 11-cis retinoids act
as modulators of AWAT? activity by suppressing esterifi-
cation of 9-cis, 13-cis, or all-trans retinols concurrently in-
creasing the enzyme specificity toward 11-cis isomer. Our
observations may provide an explanation for the mass
action-driven selective accumulation of 11-cisretinyl esters
in the retinas that support regeneration of cone visual

pigments. Bl
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