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The properties of the enzyme alkyl dihydroxyacetone phosphate synthase (1-O-acyl
dihydroxyacetone 3-phosphate + ROH — 1-O-alkyl dihydroxyacetone 3-phosphate + fatty
acid) in Ehrlich ascites tumor cell microsomes were studied utilizing a new assay pro-
cedure. The assay is based on the difference of partition coefficient between alkyl di-
hydroxyacetone-P and hexadecanol in an alkaline two-phase CHCl;-methanol-water sys-
tem. The product of the enzymatic reaction was characterized by different methods as
alkyl dihydroxyacetone-P. At optimum concentration of the substrates (acyl dihydroxy-
acetone-P and hexadecanol), detergents or Mg?* and ATP do not stimulate the reaction.
The kinetic properties of the reaction were found to be complex due to the stimulation
of enzyme activity at low acyl dihydroxyacetone-P concentration but inhibition at the
high concentration of the same substrate. The enzyme accepts a variety of long-chain
primary alcohols as substrate without much specificity. With different acyl dihydroxy-
acetone-P, the highest activity was obtained with hexadecanoyl (16:0) dihydroxyacetone-
P, with somewhat less activity with longer octadecanoyl (18:0) and much less (40% of
16:0) activity with tetradecanoyl (14:0) dihydroxyacetone-P. Preliminary studies indicate
that a Schiff’s base intermediate of the enzyme with the keto substrate is probably not
formed, since NaBH, inhibited the enzyme to the same extent in the presence or absence
of acyl dihydroxyacetone-P. Fatty acids inhibit the reaction and an exchange of fatty
acid with acyl dihydroxyacetone-P in the presence of the enzyme preparation was ob-
served. Heat-inactivation studies indicate that alkyl dihydroxyacetone-P synthase is
probably also catalyzing this fatty acid exchange reaction. Based on these findings, an

enzyme-bound dihydroxyacetone-P intermediate is proposed.

The reaction of fatty alcohol with acyl
dihydroxyacetone phosphate (acyl DHAP?)
catalyzed by alkyl DHAP synthase has
been shown to be the biosynthetic route
to the ether lipids in higher organisms (1-
4). The reaction involves the displacement?
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4 There are very few known exmples of this type
of biochemical reaction. From the nature of the re-
action the enzyme may be classified as carbon-oxygen
lyase analogous to the thio-ether forming reactions,

0003-9861/81/110020-10$02.00/0
Copyright © 1981 by Academic Press, Inc.
All rights of reproduction in any form reserved.

of the fatty acyl group of acyl DHAP by
fatty alcohol to form 1-O-alkyl DHAP.S
Alkyl DHAP is next reduced by a NADPH-
dependent reductase to form 1-O-alkyl-sn-
glycerol-3-P (7, 8). This analog of lyso-
phosphatidic acid is then acylated to form
the ether analog of phosphatidic acid (9)

e.g., cysteine synthase (EC 4.2.99.8), cystasthionine
synthase (EC 4.2.99.9), and O-acetyl-L-homoserine
acetate lyase (adding methanethiol) (EC 4.2.99.10)
where an O-ester bond is substituted (by thiol or
alcohol) to form a (thio)ether bond. The only other
example of such an O-ether forming reaction is that
described by Murooka et al. (5).

5 As discussed in Ref. (6), commensurate with the
sn nomenclature of glycerolipids, the nonphosphor-
ylated carbon of DHAP is desginated as C-1.
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which is further metabolized, presumably
by the same enzyme systems that metab-
olize phosphatidic acid, to other glycerol
ether lipids and also to plasmalogens
(10-12).

The activity of the alkyl DHAP syn-
thase in different systems is very low; and
the study of the enzyme has been difficult
due to the lengthy multistep assay pro-
cedures employed (13, 14). The present re-
port details a new, simpler assay tech-
nique and some properties of alkyl DHAP
synthase which were studied by utilizing
the new assay technique.

MATERIALS AND METHODS

Carrier free P, (as H;PO,) and [1-*C]palmitic acid
(40-60 mC;/mmol) were obtained from New England
Nuclear (Boston, Mass.). Palmitic acid, ethyl glyco-
late, and hexadecyl iodide were purchased from Ald-
rich Chemical Company (Milwaukee, Wis.). Silica gel
tle plates were obtained from Merck (Brinkmann In-
struments, Des Plaines, Ill.). Mice bearing Ehrlich
ascites tumor cells were a kind gift from Dr. H. N.
Christensen.

Radioactive hexadecanol was produced by the re-
duction of the methyl ester of [1-*C]palmitic acid by
Vitride [sodium bis(2-methoxyethoxy)aluminum hy-
dride] (1). The methyl ester was prepared by the re-
action of palmitic acid (0.5 mCi/10 umol) with 2,2-
dimethoxypropane (2.5 ml) and methanol (0.4 ml) in
the presence of HCl (75 umol) (15). The reaction was
allowed to proceed at room temperature for 1.5 h and
the excess dimethoxypropane and methanol were re-
moved by evaporation under a stream of nitrogen.
The residue was then dissolved in 2.5 ml diethyl
ether:benzene solution (4:1) and 0.5 ml Vitride (70%
in benzene) was added. The tube was tightly capped
and incubated for 1 h at 37°C. The excess Vitride was
destroyed by addition of 10 ml 20% ethanol and the
radioactive alcohol was extracted by adding 5 ml
diethyl ether. After mixing and transfer of the upper
layer, the lower layer was extracted twice more with
5 ml diethyl ether. The extracts were then combined,
washed with water, and dried by addition of anhy-
drous Na,SO,. The ether was removed by blowing a
stream of nitrogen. The yield (99%) and purity
(>98%) of the hexadecanol was assessed by thin-
layer chromatography in ether:hexane (2:8) on silica
gel plates. The radioactive spots were localized by
autoradiography, scraped out, and the radioactivity
present was determined (7). The [1-"*C]hexadecanol
was stored in toluene under N, at 20°C. Some polar
impurities, formed on prolonged storage (>2 months)
were periodically removed by extracting the toluene
solution with 0.1 N NaOH.

Different acyl DHAPs were synthesized by decom-
posing the corresponding acyl diazoacetone with
H3;PO,, and purified by silicic acid chromatography,
as detailed by Hajra and Agranoff (16). Acyl
[**PIDHAP was synthesized by decomposing palmi-
toyl diazoacetone with labeled phosphoric acid (9).
These compounds were stored in chloroform:methanol
(7:3) at —20°C. The acyl DHAP was periodically pu-
rified by chromatography on silicic acid as described
previously (17).

Microsomes were prepared from Ehrlich ascites
cells® essentially by the method of LaBelle and Hajra
(7). The microsomal fraction’ i.e., the subcellular
fraction sedimented between 1.8 X 10° and 3 X 10%-
min, was used as the source of the enzyme. The
washed microsomal pellet was suspended in 0.25 M
sucrose to a concentration of 2 mg/ml. The micro-
somal preparation was stored frozen in small batches
where the enzyme was found to be stable for at least
2 months at —20°C. The microsomes were thawed
just prior to use and were not reused.

The assay for alkyl DHAP synthase was based on
the separation of the radioactive products ([1-
“Clhexadecyl DHAP) from the radioactive substrate
([1-**Clhexadecanol) by using a two-phase CHCls-
methanol-water partition system (22) at high pH
(23). Radioactive hexadecanol (300 nmol, 1.1 uCi) and
palmitoyl DHAP (90 nmol) were dried down in a test
tube under a stream of nitrogen in a heated (40°C)
water bath. The residue was suspended by addition
of NaF (0.2 ml of 0.1 M), water (0.65 ml) Tris-HCl
(0.3 ml of 0.3 M, pH 8.5, total volume 1.15 ml), and
sonicated for 15 s in an ultrasonic bath. Enzyme prep-
aration was added (0.05 ml, 100 ug protein) and the

The activity of alkyl DHAP synthase was found
to be high in Ehrlich ascites tumor cells (0.4-0.8
nmol/min/mg of total homogenate protein). In a pre-
liminary survey of normal tissues (18) the activity
of this enzyme was found to be highest in developing
(14- to 18-day old) rat brain (0.6 nmol/min/mg pro-
tein). Adult rat brain (0.1 nmol/min/mg protein) and
liver (0.06 nmol/min/mg protein) have low activity.
Among the other tissues, spleen (0.23 nmol/min/mg
protein) and testis (0.19 nmol/min/mg protein) also
had relatively high activity (18).

"The enzyme activity is highest in this “micro-
somal” fraction. However, the enzyme may be local-
ized in microbodies (microperoxisomes) rather than
in the endoplasmic reticulum. In other tissues such
as liver and brain, the enzyme distribution profile
coincides with that of the peroxisomal marker en-
zyme, particulate bound catalase (19-20) indicating
that the enzyme is probably localized in peroxisomes.
However, the absence of peroxisomal marker enzyme
catalase in tumor cells (18, 21) makes it difficult to
establish the exact subcellular localization of alkyl
DHAP synthase in Ehrlich ascites tumor cells.
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contents were mixed. The mixture was then incu-
bated for 30 min at 37°C in a shaking water bath.
The reaction was terminated by adding 4.5 ml of
CHCIl3CH3;0H (1:2) and the lipids were extracted by
addition of 1.5 ml CHCl; and 1.5 ml Tris-base (1.0 M,
pH 10). After mixing well and centrifuging in a
swinging bucket rotor (1000g,, X 10 min) at room
temperature, a 0.5-ml aliquot of upper layer was pi-
petted into a scintillation vial to which was added
a liquid scintillation fluid containing BBS-III (7). The
radioactivity present was determined by counting in
a Beckman LS-150 or LS-9000 liquid scintillation
counter.

The assay based on acyl [¥*P]DHAP as substrate
was performed as detailed by Hajra (13) but with the
following modifications. The assay mixture contained
substrate amounts equivalent to the *C-based assay
(above), and the assay was performed at pH 8.5 ex-
cept as indicated in the legends to figures and tables.
The lipids were extracted under acidic conditions
after a 30-min incubation at 37°C by addition of 4.5
ml CHCl;:CH3;0H (1:2), 1.5 ml CHCl3, and 1.5 ml KCl-
H;PO, (2.0 M, 0.2 M). After mixing and centrifugation,
the upper layer was removed and the lower layer was
washed with 2 ml of Bligh and Dyer upper layer
(CHCl3:CH3OH:H,0, 1:12:12) which was acidified by
two drops of 6 N HyPO,. The lower layer was dried,
and the residue was subjected to alkaline methanol-
ysis to remove acyl [®*PIDHAP, by addition of 2.5 ml
CHClg, 0.4 ml CH3OH, and 0.8 ml 0.5 N NaOH in
methanol and incubated for 15 min at room temper-
ature. One milliliter of 6 N HgPO4 was added, mixed
well, centrifuged, and the upper layer was removed.
The lower layer was washed twice with 2 ml Folch
upper layer (CHCl;:CH3;0H H,0, 1:48:47). The CHCl;-
soluble radioactivity was determined by liquid scin-
tillation counting (7).

Hexadecyl DHAP was synthesized as described
(1, 21, 24). The acetonide of chimyl alcohol was pre-
pared by the procedure of Hanahan et al. (7, 25).
Preparative gas-liquid chromatography was per-
formed using a Varian Aerograph gas chromato-
graph (Model 920) with a 5-ft X % -in. stainless-steel
column packed with 1.5% OV-101 on Chromosorb G
at 230°C. The fractions from gas chromatography
were collected in tubes fitted with Millipore filters
as described by Hajra and Radin (26).

The other methods employed are as detailed pre-
viously (7, 9, 18).

RESULTS AND DISCUSSION
Assay

Two different assays for alkyl DHAP
synthase have been described previously
(13, 14). One is based on the formation of
alkali-stable %2P-labeled lipid from acyl
[*3PIDHAP (13) and unlabeled fatty alco-

hols. The other (14) is based on the con-
version of [**Clhexadecanol to [**Clchimyl
alcohol which is isolated by thin-layer
chromatography of the total lipid extract
after hydrogenolysis by LiAlH,. The 2P-
based assay worked well but the procedure
was lengthy and a number of manipula-
tions were involved. The second assay
method using [“*Clhexadecanol worked only
when there was active phosphomonoester-
ase present in the incubation mixture to
convert the product alkyl DHAP to
[**CJalkyl DHA since the neutral Bligh and
Dyer extraction method used did not ex-
tract alkyl DHAP (23). In addition, LiAlH,
or vitride did not quantitatively convert
alkyl DHAP to chimyl alcohol (27). This
assay method was later modified by em-
ploying an acidic extraction method (28).

The present more rapid assay method
utilizes the difference between the parti-
tion coefficient of the ionic polar product
alkyl DHAP and that of the nonpolar sub-
strate hexadecanol in a CHCls-methanol-
water system at high pH. As described
previously (23), at high pH (>9) most
(>95% ) of the acyl DHAP and alkyl DHAP
are partitioned into the upper phase of the
Bligh and Dyer system whereas all of the
hexadecanol remained in the lower layer
(18). This assay gave results similar to
those obtained with the previous *P-based
assay (Table I). The radioactive compound
present in the upper layer was identified
as 1-[1'-*C] hexadecyl DHAP (see below).
When both [1-*Clhexadecanol and pal-
mitoyl [*.P]DHAP were used in the in-
cubation mixture and [1’-*Clhexadecyl
[*PIDHAP was isolated after alkaline
methanolysis and thin-layer chromato-
graphy, the ratio of *C:*?P was 1.05 + 0.09
(n = 4). Using the present assay method,
the enzyme activity was found to be linear
for up to 40 min and also linear with in-
creasing protein concentration up to 250
ug (Figs. 1A and B).

Recently, Brown and Snyder (29) de-
scribed another assay method which
separates [!“Clhexadecy]l DHAP from
[**Clhexadecanol by using anion-exchange
(DEAE paper) paper disks. The basic prin-
ciple of this assay is similar to that de-
scribed here.
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TABLE I

COMPARISON OF ASSAY PROCEDURES

Hexadecyl DHAP
formed (nmol)

Assay A Assay B
[*P] [“C]

Whole system 2.30 249

—NaF 151 1.60

—Hexadecanol 0.14 —

—Palmitoyl DHAP — 0.05
Whole system (no

enzyme control)® 0.03 0.01
Whole system (zero

time control)® 0.05 0.01

Note. Both the assay mixtures contained Tris-HCl
buffer (75 mM, pH 8.5), NaF (16.7 mM), hexadecanol
(300 nmol; 2.4 X 10° cpm [1-**CJhexadecanol in assay
B), palmitoyl DHAP (108 nmol; 4 X 10° epm palmitoyl
[**P]DHAP in assay A), and Ehrlich ascites cell mi-
crosomes (0.1 mg protein) in a total volume of 1.2 ml.
The mixtures were incubated for 30 min at 37°C and
the reactions were stopped by addition of 4.5 ml chlo-
roform:methanol (1:2). An acidic extraction and
washing method followed by alkaline methanolysis
(see text) were used for the assay mixture A, and the
amount of alkali-stable *P lipid formed was deter-
mined. For assay B, an alkaline partition method was
used to separate [1-''Clalkyl DHAP from [*C]-
hexadecanol as described in the text and the radio-
activity present in the upper layer was determined
(see text for more details).

¢ Instead of enzyme, water was added.

®The reaction was stopped immediately after en-
zyme was added by adding 4.5 ml CHClz methanol
(1:2).

Identification of the Product

The radioactivity present in the upper
layer of the C assay was extracted into
CHCI; after acidification with 1 N HCl and
the resulting radioactive compound was
found to have the same migration rate as
authentic 1-O-hexadecyl DHAP in two dif-
ferent solvent systems: (I) CHClymeth-
anol:acetic acid:water (25:10:3:1); and (II)
CHClgzmethanol:acetone:acetic acid:water
(10:3:4:2:1) (16). The radioactive product
was retarded, as was authentic hexadecyl

Alkyl DHAP formed (nmol/min)

Alkyl DHAP formed {nmal/mg profein)

L I
50 60 o

L L L L L
50 100 150 200 250

. 1
20 30 40

TIME (min) PROTEIN {ug)

F1G. 1. Effect of increasing time (A) and increasing
protein (B) on the biosynthesis of [1'-'“CThexadecyl
DHAP from [1-"C]hexadecanol and palmitoyl DHAP.
The assay is same as described under Materials and
Methods. The amount of microsomes used for the
time course (A) was 100 ug protein and the time of
incubation for (B) was 30 min.

DHAP, in a thin-layer chromatography
system when the solvent system contained
bisulfite (30), indicating the presence of a
carbonyl group. Upon reduction either en-
zymatically with NADPH (7) or chemi-
cally by NaBH, (9), the radioactive prod-
uct comigrated with authentic 1-O-
hexadecyl-rac-glycerol-3-P in solvent I
(see above) and was not retarded in the
system containing bisulfite (30). When the
reduced product was dephosphorylated
enzymatically (6), the neutral radioactive
product formed, migrated with chimyl al-
cohol on thin-layer chromatography (7).
This product (chimyl alcohol) was con-
verted to acetonide and the resulting ace-
tonide was mixed with carrier acetonide
(isopropylidene derivative) of chimyl al-
cohol and fractionated by preparative gas-
liquid chromatography (see Materials and
Methods). When the eluates were collected
and the radioactivity was determined in
each fraction, 96% of the radioactivity was
found in the fraction containing the ace-
tonide of 1-O-hexadecyl glycerol. Finally,
upon oxidation by periodate (31, 7) of the
reduced dephosphorylated produect (chi-
myl alcohol), the radioactivity was found
to migrate on thin-layer chromatography
with authentic 1-O-alkyl glycolaldehyde
(7). The presence of the ether bond in the
radioactive chimyl alecohol was also con-
firmed by degradation with HI to hexa-
decyl iodide and glycerol as described pre-
viously (6). These results prove that the
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product of the reaction is 1-O-hexadecyl
dihydroxyacetone 3-phosphate.

Requirements for the Reaction

The requirements for optimal activity
of alkyl DHAP synthase were investigated
utilizing the new assay system. The max-
imal activity was obtained at pH 8.5 in the
presence of NaF (Fig. 2A). The presence
of NaF proved necessary to inhibit the low
level of phosphatase activity present in
the crude enzyme preparation (18). In the
presence of NaF, both the substrate (acyl
DHAP) and the product are found to be
protected from dephosphorylation. In-
creasing NaF concentrations stimulated
the enzyme activity in a linear fashion
from 0.6 nmol/min/mg protein (no NaF)
to a maximum of 0.9 nmol/min/mg pro-
tein in the presence of >15 mM NaF.

No detergent was necessary to obtain
maximal activity and the presence of de-
tergents (Triton X-100) or different buff-
ers (Figs. 2A and B) did not change the
pH optimum of the reaction to a signifi-
cant extent (Fig. 2). This differs from the
report of Rock et al. (28) who found de-
tergent was necessary for maximal acti-
vity and for a distinet pH optimum. This
difference probably results from the higher
concentration of acyl DHAP used in the

nmol /min/mg protein

70 75 BO 85 20 70 75 910 85
pH pH

FI1G. 2. pH optimum of alkyl DHAP synthase in
different buffer systems and the effect of Triton X-
100 on the pH optimum. In (A) the reaction mixture
contained buffers (50 mM, different pH), Triton X-
100 (0.1%), [1-**C]hexadecanol (250 uM, 2.1 uCi), pal-
mitoyl DHAP (100 M) in a total volume of 1.2 ml.
Different buffers used were Tris-HCl (O), trietha-
nolamine-HCl (€), EPPS (0), and barbital (x). In
(B) the pH optimum was determined in Tris-HCI
buffer (75 mM) with (x) or without (O) Triton X-100
(0.34% ). The assays were done as described in the
text.

present assay. Acyl DHAP is a surfactant
and therefore at high concentration should
disrupt the membrane integrity thus ex-
posing the enzyme fully to the substrates
and to the pH of the incubation mixture.

Effect of Mg** Ion and ATP

It had been described earlier that the
reaction is stimulated by ATP and Mg?*
(1). However, ATP was not used as a
source of energy (1) and the exact function
of ATP and Mg?* remained unexplained.
To resolve this, all the combinations of
ATP and Mg?" were tested for their effect
on the activity of alkyl DHAP synthase.
As seen in Table II, ATP alone did not
stimulate or inhibit the reaction. When
magnesium ion alone was added the re-
action was inhibited, but there was no in-
hibition when Mg?* was added along with
ATP. The stimulation of the reaction on
ATP and Mg?" appears to be due to the
apparent chelation of the magnesium ion
by ATP, thus relieving the inhibition due
to the presence of free Mg®*. Other cations
(Zn?*, Ca®") were inhibitory also, presum-
ably by the formation of complexes with
the phosphate of the acyl DHAP molecule.

Kinetic Studies
The new assay method was used to study
the kinetics of alkyl DHAP synthesis cat-
TABLE II

THE EFFECT OF Mg®* AND ATP ON THE ACTIVITY OF
THE ALKYL DHAP SYNTHASE

Activity
Additions (nmol/min/mg protein)
None 1.05
+ ATP (10 umol) 1.06
+ Mg** (5 umol) 0.23
+ ATP (10 pmol)
+ Mg?* (5 umol) 1.10

Note. The incubation mixture contained palmitoyl
DHAP (60 nmol), [1-"*C]hexadecanol (42 nmol, 2.2
uCi), Tris-HCI (75 mM, pH 7.4), NaF (20 mM), Triton
X-100 (0.05%), and Ehrlich ascites cell microsomes
(0.1 mg protein) in a total volume of 1.2 ml. The
mixture was incubated at 37°C for 30 min and the
[**Clhexadecyl DHAP formed was then extracted and
counted as described in the text.
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FI1G. 8. Effect of increasing amount of palmitoyl
DHAP on the activity of alkyl DHAP synthase. The
assay was done under standard conditions (see text)
with constant amount of [1-*Clhexadecanol (300
nmol) and variable amounts of palmitoyl DHAP as
indicated. The amount of [1-'*Clhexadecyl DHAP
formed was determined.

alyzed by the enzyme present in Ehrlich
ascites cell microsomes with respect to
both acyl DHAP (Fig. 3) and fatty alcohol
(Fig. 4). As can be seen in Fig. 3, the ve-
locity versus substrate concentration for
palmitoyl DHAP displays a maximum fol-
lowed by inhibition. This behavior is the
result of the inhibition of enzyme at high
substrate concentration which is probably
due to the detergent nature of acyl DHAP.
Detergents in general stimulate the re-
action at low concentration (18, 28), but
inhibit the reaction at high concentration
(Fig. 2). The substrate versus reaction ve-
locity plot for fatty alcohol (Fig. 4) more
closely resembles Michaelis-Menten ki-
netic behavior. This can be rationalized as
being the result of the nonsurfactant na-
ture of fatty alcohol which can be added
in high amounts without resulting in in-
hibition.

The inverse plots for both substrates are
also presented in Figs. 3 and 4. The ap-
parent K, for acyl DHAP was calculated
to be 66 uM and that for hexadecanol was
45 uM, while the V values were 2.0 and 1.4
nmol/min/mg protein, respectively. The
two V values are different because acyl
DHAP inhibits the reaction at high con-
centration and it was therefore not pos-
sible to determine the V for hexadecanol
at saturating acyl] DHAP concentration.

The numbers derived from these plots suf-
fer from the flaws that affect all enzymes
utilizing lipid substrates. The use of the
concentration term with respect to lipid
substrates is unjustified because lipids are
not really soluble but are present in the
incubation mixture in both monomeric
and micellar forms. Therefore, the exact
nature of the substrate as acted upon by
the enzyme, along with the concentration
of that species is unknown. Other authors
have studied this in detail and discussed
this problem of kinetic studies for en-
zymes interacting with lipid substrate
(32, 33).

The product of the reaction, alkyl DHAP,
proved to be inhibitory and the K for alkyl
DHAP was determined using a Dixon plot
and found to be 46 uM. The value obtained
again suffers from the same problem as
mentioned above but with the assumption
that the surfactant activity and physical
form of acyl and alkyl DHAP do not differ
radically, the enzyme appears to have the
same affinity for the substrate as for the
product. Fatty acid also proved inhibitory
(see later) but the inhibition proved too
complex for a simple graphical analysis.

Substrate Specificity

The specificity of the Ehrlich ascites cell
microsomal alkyl DHAP synthase with

a
=}
1
o

ry
o

05

o
o
nmol /min/mg

n
=)

(nmaol/min/ mg protein)™!

o

1 | L

L L L i
10 20 30 40 50 60 70 80 90 100

1/{Hexadeconol] (mM)

F1G. 4. Effect of increasing amounts of fatty al-
cohol or the activity of alkyl DHAP synthase. The
assay mixture contained Tris-HCI (75 mM, pH 8.5),
NaF (20 mM), palmitoyl DHAP (108 nmol), Ehrlich
ascites cell microsomes (0.1 mg protein), and variable
amount of [1-*CJhexadecanol as indicated. After 30
min at 37°C the amount of [1'-"*Clhexadecyl DHAP
formed was measured as described in the text.
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respect to alcohol utilized was investi-
gated using the **P-based assay described
by Hajra (13). The results are presented
in Fig. 5 and are similar to those reported
previously from this laboratory (19, 34)
and also by other workers (35, 36). The
enzyme utilizes a wide variety of primary
alcohols with chain lengths between Cy,
and Cy. The explanation for this nonspec-
ificity may reside in the enzyme requiring
only a minimum level of hydrophobicity
for activity. However, that hydrophobicity
may not be the sole criterion as shown by
the decline in activity as the chain length
above C;s. This may be the result of the
increasing chain length raising the melt-
ing point of the aleohol, thus freezing it
out as a solid which is unable to serve as
a substrate under the incubation condi-
tions used. This also may explain the high
activity found with polyunsaturated al-
cohols. Alternatively, or perhaps in con-

04+

Activity (nmol /min/mg profein}
o [}

& o

| — T

]

=
T

80 10:0 2.0 {4:0 15:0 16:0 17:0 18:0 20:0 22:0
LONG CHAIN ALCOHOL (C.no.)

18:4 82 18:3

FIG. 5. Activities of various primary alcohols as
substrates for alkyl DHAP synthase. The reaction
mixture contained Tris-HCI buffer (pH 7.4, 75 mMm),
NaF (16.7 mM), palmitoyl [*3P]DHAP (16 nmol, 1.2
X 10° cpm), Triton X-100 (50 ug), Ehrlich ascites cell
microsomes (0.3 mg protein), and various alcohols
(50 ug each) in a total volume of 1.2 ml. The alcohols
used were octanol (8:0), decanol (10:0), dodecanol
(12:0), tetradecanol (14;0), pentadecanol (15:0), hex-
adecanol (16:0), heptadecanol (17:0), octadecanol (18:0),
eicosanol (20:0), docosanol (22:0), cis-9-octadecen-1-ol
(18:1), cis-9-cis-12-octadecadien-1-ol (18:2), and cis-9,
cis-12, cis-15-octadecatrien-1-ol (18:3). The mixture
was incubated for 30 min at 37°C, the reaction was
stopped by adding 4.5 ml CHClz;:methanol (1:2), and
the lipid was extracted under acidic condition, treated
with alkali, and the amount of alkali-stable %P lipid
formed was determined (see text for details).

cert with this, the active site of the enzyme
may possess only affinity for alcohols with
a certain range of chain lengths. This rel-
ative nonspecificity means that, as re-
ported, the chain length distribution of the
alkyl ether lipids is not controlled by this
enzyme but is determined by the specific-
ity of the acyl CoA reductase responsible
for the production of fatty alcohols (37).

The specificity of the alkyl DHAP syn-
thase with regard to acyl DHAP species
utilized was assessed using the assay
method detailed here. The results pre-
sented in Table III show that C,s acyl
DHAP was nearly as effective a substrate
as C,s acyl DHAP while C,4y acyl DHAP
proved to be less active than either Cjg
or CIG-

Effect of Sodium Borohydride

Sodium borohydride was used in an at-
tempt to trap any Schiff’s base that may
be formed between the enzyme and the
substrate, containing the ketone group,
during the course of the reaction. The ex-
periment involved treatment of the en-
zyme preparation with borohydride in the
presence of the substrate acyl DHAP. The
rationale was that, similar to what has
been described for aldolase I (38), the en-
zyme in the presence of acyl DHAP would
form a Schiff’s base and would be reduced
and hence inactivated by the borohydride.

TABLE III

COMPARISON OF ACTIVITY OF ALKYL DHAP
SYNTHASE WITH DIFFERENT ACYL DHAP

Chain length of

acyl group in Enzyme activity

acyl DHAP (nmol/min/mg protein)
14:0 0.42
16:0 1.20
18:0 0.95

Note. The incubation mixture contained Tris-HCl
(pH 7.4, 75 mM), NaF (20 mM), [1-**C]hexadecanol (250
uM, 2 uCi), and either tetradecanoyl (14:0), or hex-
adecanoyl (16:0), or octadecanoyl (18:0) DHAP (100
uM) in a total volume of 1.2 ml. The mixture was
incubated at 37°C for 30 min and the radioactive
alkyl DHAP formed was estimated as described in
the text.
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In the absence of acyl DHAP there should
be no Schiff’s base formed and thus no
inhibition due to the reduction of the
Schiff’s base by borohydride should occur.
The various experimental protocols are
presented in the legend to Table IV. As
can be seen (Table IV), though NaBH, at
higher concentration inhibited the enzyme
activity, there was no differential effect
of borohydride in the presence and ab-
sence of substrate. These results indicate
that there is a group or groups on the en-
zyme that are sensitive to reduction by
NaBH, but a Shiff’s base intermediate is
probably not formed with the enzyme and
acyl DHAP. Friedberg and co-workers
have also reported that borohydride treat-
ment in the presence of acyl DHAP does
not result in a differential inhibition of
the alkyl DHAP synthase and they also
concluded that a Schiff’s base mechanism
is not involved (39).

Exchange Reaction with Free Fatty
Acids

As mentioned above, free fatty acids in-
hibited the formation of alkyl DHAP from
acyl DHAP. We have reported previously

that there is a fatty acid exchange activity
between the acyl group of acyl DHAP and
free fatty acids in the same system where
alkyl DHAP is synthesized (40). It was
postulated that alkyl DHAP synthase also
catalyzed the fatty acid exchange reaction
and that a common enzyme-bound DHAP
intermediate was formed which may react
either with long-chain aleohols to form
alkyl DHAP or with fatty acids to form
acyl DHAP.

To further establish the identity of the
two activities, the heat stabilities of both
the alkyl DHAP synthase and the fatty
acid exchange activity were determined.
The results presented in Fig. 6 indicate
that the heat stability of both activities
is the same and lends further support to
the hypothesis that they are two facets of
the same enzyme. Friedberg and co-work-
ers have examined the exchange of C-1
hydrogen with water and have obtained
data which they interpret as showing that
the release of tritium from labeled acyl
DHAP is not dependent on the presence
of fatty alcohol (39). These authors pos-
tulated the formation of an enzyme-DHAP
complex similar to that described by Davis
and Hajra (40) (see above).

TABLE IV

THE EFFECT OF S0DIUM BOROHYDRIDE IN THE PRESENCE AND ABSENCE OF SUBSTRATE ON THE
ACTIVITY OF ALKYL DHAP SYNTHASE

Percentage activity®

Control (no

Experimental

Borohydride added® Borohydride added®

Additions borohydride added) (2 umol) (20 umol)
None 95 89 37
Acyl DHAP (90 nmol) 5 87 47
Triton X-100 (0.1%) 90 90 31
Acyl DHAP (90 nmol)
+ Triton X-100 (0.1%) 5 78 38

Note. Ehrlich ascites cell microsomes (1.0 mg protein) were incubated with or without the presence of 90
nmol of acyl DHAP (+ Triton X-100 0.1%) in 1.0 ml Tris-HCI (0.15 M, pH 7.4) for 35 min at 37°C. Sodium
borohydride was added to the experimental tubes 5 min after the start of the incubation. At the end of
incubation, the reaction mixture was diluted with 6 ml sucrose (0.25 M) and centrifuged at 100,000g for 30
min. The pellet was resuspended in 0.5 mi sucrose (0.25 M) and the alkyl DHAP synthase activity determined.

¢ Compared to untreated enzme.
® Added 5 min after the start of incubation.
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FIG. 6. The stability of alkyl DHAP synthase and
the fatty acid acyl DHAP exchange activity in Ehr-
lich ascites cell microsomes. Ehrlich ascites cell mi-
crosomes (12 mg protein) were incubated in 6 ml 0.25
M sucrose at 45°C. At various times a 0.5-ml aliquot
was withdrawn and immediately cooled in ice. The
activity of the alkyl DHAP synthase was assessed
as detailed under Materials and Methods and the
fatty acid exchange enzyme activity was determined
as described previously (Ref. (40)). (X) natural log of
100 X alkyl DHAP synthase activity; (O) natural log
of 1000 X fatty acid exchange enzyme activity, both
in nmol/min/mg protein, at various times of incu-
bation at 45°C. The data from each activity were fit-
ted to a linear equation using a least-squares linear
regression. The line for the alkyl DHAP synthase
gave a slope of —0.0147 with a correlation coefficient
of 0.94. The line for the fatty acid exchange activity
gave a slope of —0.0153 with a correlation coefficient
of 0.87.

Fatty acid is probably a product of the
alkyl DHAP synthase reaction. Free fatty
acid is formed when [1-'*Clpalmitoyl
DHAP is incubated with the enzyme ei-
ther alone or with hexadecanol. There
seemed to be more fatty acid formed when
hexadecanol was present. However, due to
the relatively high rate of hydolysis of acyl
DHAP in the crude enzyme preparation,
the stoichiometry of fatty acid released to
the alkyl DHAP formed could not be ac-
curately determined (18).

Attempts to detect the exchange of fatty
acids with alkyl DHAP to form acyl DHAP,
i.e., the reverse reaction, were unsuccess-
ful. Neither [**Clacyl DHAP was detected
when [1-C]palmitic acid was incubated
with 1-O-hexadecyl DHAP and the en-
zyme preparation, nor was any alkali un-

stable *P lipid formed enzymatically by
incubating palmitic acid with hexadecyl
[®3PIDHAP. These results indicate that the
reaction leading to formation of ether
bond is probably irreversible.

CONCLUSIONS

Alkyl DHAP synthase catalyzes a novel
reaction in which an activated ester group
is substituted by a long-chain aleohol to
form an ether bond. The mechanism of the
reaction is not obvious but it is known
that: (a) a stereospecific exchange of hy-
drogen from C-1 of acyl DHAP with water
occurs with the retention of configuration
(6, 39); (b) the oxygen from the long-chain
aleohol is retained (42); and (¢) as dis-
cussed above, an enzyme-DHAP complex
is probably formed which is not a Schiff’s
base intermediate. Based on these find-
ings, it may be postulated that an electro-
philic enol ester (1,2 cyclic ?) may be the
intermediate which is attacked by the nu-
cleophilic alcoholate ion (18). The eluci-
dation of the exact reaction mechanism
may await the purification of the enzyme
so that other enzymatic side reactions are
eliminated. However, initial attempts to
solubilize the bound enzyme from the
crude membrane preparation by different
detergents have not been successful. Most
of the enzyme activity (>90%) remains
membrane bound on treatment with de-
tergents and very little activity is solubi-
lized. Recently Brown and Snyder (42)
have reported the solubilization of alkyl
DHAP synthase present in Ehrlich ascites
cell microsomes. However, the final spe-
cific activity after purification (1.6-fold) as
described by these authors is about one-
tenth of that described in this report, and
one-eighth of that described previously
from the same laboratory (28). Attempts
at present are being made in this labo-
ratory to solubilize and purify this enzyme
and then to study its properties in detail.
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