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ABSTRACT

Adenosine-5'-phosphosulfate (APS) and adenosine-3'-phos-
phate 5'-phosphosulfate (PAPS) have been used as precursors
of sulfoquinovosyldiacylglycerol (SQDG) in intact chloroplasts
incubated in the dark. Competition studies demonstrated APS
was preferred over PAPS and S042-. Rates of SQDG synthesis up
to 3 nanomoles per milligram of chlorophyll per hour were ob-
served when [135S]APS and appropriate cofactors were supplied
to chloroplasts incubated in the dark. The pH optimum for utili-
zation of APS was 7.0. The incorporation was linear for at least
30 minutes. ATP and UTP stimulated the incorporation of sulfur
from APS into SQDG, but the most stimulatory additions were
DHAP and glycerol-3-P. The concentration curve for APS showed
a maximum at 20 micromolar in the absence of DHAP and 30
micromolar in the presence of DHAP. The optimum concentration
of DHAP for conversion of APS into SQDG was 2 millimolar. Rates
of synthesis up to 4 nanomoles per milligram of chlorophyll per
hour were observed when [35S]PAPS was the sulfur donor and
appropriate cofactors were supplied to chloroplasts. Optimal
rates for conversion of sulfur from PAPS into SQDG occurred with
concentrations of DHAP between 5 and 10 millimolar. DHAP was
by far the most effective cofactor, although ATP and UTP also
stimulated the utilization of PAPS for SQDG biosynthesis. In
general, triose phosphates, including glycerol-3-P were not effec-
tive cofactors for SQDG biosynthesis.

The biosynthetic pathway involved in sulfate incorporation
into the headgroup of SQDG2 remains undetermined, over
30 years after the discovery of SQDG by Benson (2, 18).
Higher plant chloroplasts are completely autonomous for the
synthesis of SQDG, both the diacylglycerol moiety (13, 17)
and the headgroup (7, 17), as well as for sulfate metabolism
(24, 28). Sulfate must first be activated prior to its metabolism
to reduced sulfur-containing compounds such as cysteine and
methionine (23, 28). Substitution of ATP or an ATP-gener-
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ating system for the light requirement for SQDG synthesis
from 35SO42- in spinach chloroplasts (15) implies the activa-
tion of sulfate to APS is also an essential step in SQDG
biosynthesis. The possible involvement of APS in SQDG
synthesis has been suggested by many (1, 2, 8, 9, 18, 20).
However, the direct involvement of APS as an intermediary
in SQDG biosynthesis, either by competition studies or by
the incorporation of [35S]APS into SQDG, has not been shown
to date as it has for cysteine biosynthesis (23).

There are several advantages in demonstrating [35S]APS
incorporation into SQDG. Sulfate incorporation into SQDG
requires light or ATP and magnesium ions and is stimulated
by the addition of UTP, DHAP, and Pi (15, 17). These
compounds may be affecting sulfate uptake, the synthesis of
APS or the further incorporation of APS into SQDG. In
identifying APS as the next metabolic step in SQDG biosyn-
thesis, participation of one enzyme on the pathway, the ATP
sulfurylase, is established. The study of SQDG synthesis is
also simplified in bypassing the light or ATP requiring step
and true cofactors required for the remaining steps should
become more evident (18). Such studies require a more so-
phisticated precursor such as APS.
APS can form bound sulfite or PAPS (28). PAPS is the

sulfur donor for reactions involving sulfate-ester formation in
other systems (28). It would be of interest to test PAPS in this
system to determine whether it can be used as a precursor for
SQDG. Hoppe and Schwenn ( 11) utilized [35S]PAPS, 35 O3
and 35 O4 as precursors ofSQDG in a homogenate of Chlam-
ydomonas. In that system, PAPS proved the better precursor.
APS was not tested. Sulfite is not a satisfactory precursor for
such studies since (a) it is readily oxidized to sulfate, (b) sulfite
and 5'-AMP can form APS by the reverse reaction of the
APS-reductase (21, 22), and (c) the sulfite reductase can
interconvert free sulfite and sulfide (28). Sulfite is also unde-
sirable as a precursor because it inhibits photosynthesis (27),
oxidizes fatty acid double bonds ( 19), and reacts with sulfhy-
dryl groups (12). The nonsaturable kinetics of sulfite incor-
poration into SQDG in Chlamydomonas (1 1) emphasize the
difficulties of using sulfite.
A competition study between APS, PAPS, and sulfate re-

ported in a preliminary communication (16) indicated APS
was the preferred precursor of SQDG in intact spinach chlo-
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roplasts. However, the reported rates ofSQDG synthesis from
APS or PAPS were lower than those when sulfate was the
precursor. This prompted a more thorough study, to deter-
mine the suitability of APS as a precursor of SQDG, to
confirm its involvement as an intermediary at rates compa-
rable to those of sulfate and to verify the involvement of
several compounds, previously shown to influence sulfate
incorporation into SQDG, in the later biosynthetic steps of
the headgroup.

In the current study of SQDG biosynthesis, intact spinach
chloroplasts are incubated with [35S]APS or [35S]PAPS in the
dark to eliminate the light dependent reductive steps of sulfate
metabolism and several competing reactions which require
APS. Rates of SQDG synthesis are comparable or in some

cases superior to those obtained in a similar study (15) which
utilized 35SO42- as the precursor of SQDG, in the presence of
ATP, in dark incubated spinach chloroplasts. These studies
verify that UTP stimulates SQDG synthesis and indicate the
involvement ofDHAP in the synthesis of SQDG.

MATERIALS AND METHODS

35S042- and [35S]PAPS were purchased from New England
Nuclear. [35S]APS was synthesized by incubating carrier free
35S042- with 1 mm ATP, 1 mM MgCl2, 25 units ATP sulfur-
ylase (Sigma), and 35 units pyrophosphatase (Sigma) in 100
mM Tricine buffer (pH 8.0) for 3 h at 25°C. Purification of
[35S]APS from 35SO42- by TLC on Brinkmann silica gel N
plates in the solvent n-propanol:ammonium hydroxide:water
(6:3:1, v/v). The ["S]APS (RF of 0.3), was identified as APS
by cochromatography with nonlabeled APS. APS was well
separated from 5SO42- (RF of 0.15). The radiolabeled APS
was eluted from the silica gel with ammoniacal aqueous

ethanol (1:50:50, v/v) and the solution lyophylized or flash
evaporated dry. The [35S]APS was then redissolved in a min-
imal volume of 5 mM BTP (pH 6.5) to give approximately 1

ACi per ,uL. [35S]APS purity was verified by TLC after purifi-
cation. Aliquots were stored at -80°C and thawed no more

than twice to minimize breakdown of the APS. Yield of [35S]
APS from 35SO42- varied between 10 and 33%. Adsorption to
charcoal (4, 25) was not employed for purification since
contamination with ATP necessitated the further purification
step ofTLC resulting in a lower yield of APS.

Spinach (Spinacia oleracea) plants were conditioned in the
dark, leaves harvested in the dark, and chloroplasts isolated
in darkness as previously described (17). During all manipu-
lations, the light intensity was below the detection limit (less
than 0.25 AE/m2/s) of the photometer used (Li Cor, model
Li-185-B).

Chloroplasts were incubated in 1.0 mL of a basic reaction
medium containing 0.3 M sorbitol, 2 mM MgCl2, 33 mM BTP
at pH 7.9, and 30 AM [35S]APS, [35S]PAPS, or 35S042, at 1

MCi each, unless otherwise noted in the legends. Incubations
were done in duplicate for 30 min at 25°C in complete
darkness. All experiments were performed at least twice.
Reactions were stopped, lipids extracted and prepared for
analysis as described previously (17). After evaporation under
N2, the lipids were redissolved in chloroform and aliquots
removed for assay of radioactivity by scintillation counting.
The remaining lipid was separated by TLC on silica gel plates

in the solvent chloroform:methanol:ammonium hydrox-
ide:water (65:35:2:2, v/v) to quantitate the amount of SQDG
(20). The distribution of radioactivity on the TLC plate was

determined with a Bertold linear analyzer. In this system
SQDG has an RF of 0.4; APS, PAPS, and S042- remain at
the origin. Other chloroform-soluble sulfur-containing lipo-
philic compounds (OSL) previously reported (13, 14, 17)
migrate with the solvent front.

RESULTS

Competition Studies

The incorporation of sulfate, APS, and PAPS into SQDG
in the dark is shown in Table I. Comparing the three radio-
labeled compounds as precursors of SQDG, ["S]APS and
[35S]PAPS provided greater incorporation into SQDG than
3"SO42-. The incorporation of "SO42- in the dark without
ATP reported here agrees with that previously reported (0.1-
0.3 nmol/mg Chl/h) (15) in a study showing the synthesis of
SQDG in dark incubated chloroplasts required the presence
of ATP. To ensure hydrolysis of ["S]APS or [35S]PAPS was

not occurring, these rates of incorporation were compared in
the same experiment to those of 35SO42- plus ATP. In the
presence of 2 mm ATP, 30 MM 35SO42- was still a poorer

substrate than 30 Mm ["S]APS or [35S]PAPS with rates of
incorporation up to 0.25 nmol/mg Chl/h, four- to seven-fold
less than those of [35S]APS or [35S]PAPS (data not shown).
These rates of 30 MM 35SO42- incorporation into SQDG in the
presence of ATP were comparable to those at similar sulfate
concentrations of light-incubated chloroplasts (17). However,
the incorporation of sulfur from only 30 Mm ["S]APS or [35S]
PAPS into SQDG in the presence of DHAP was comparable
to that previously reported for 100 MM "SO42- in the presence
of 2 mM ATP in the dark (1.9 nmol/mg Chl/h) under similar
incubation conditions (15, 16).
Competition of each radiolabeled precursors with nonla-

beled sulfate, APS, or PAPS indicated APS was preferred over
PAPS and sulfate. Addition of unlabeled sulfate did not
greatly affect incorporation of [35S]PAPS into SQDG, whereas
the addition of unlabeled APS markedly lowered the incor-
poration. When [35S]APS was supplied to chloroplasts, its
incorporation into SQDG decreased only slightly upon the

Table I. Incorporation of Sulfate, APS, or PAPS into SQDG
Chloroplasts equivalent to 280 Ag Chlorophyll, 2 mm DHAP, and

30 Mm of the labeled precursor were present in each test tube. Each
unlabeled competitor compound was tested at a concentration of 30
IMM.

Precursor Competitor nmol/mg Chl/h
35S042- None 0.14

PAPS 0.13
APS 0.10

[35S]PAPS None 1.68
Sulfate 1.75
APS 0.23

[35S]APS None 1.17
Sulfate 0.99
PAPS 0.99
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addition of either unlabeled sulfate or PAPS. When "SO42-
was supplied to chloroplasts, only low incorporation was
observed because the incubation was in the dark and there
was no source of ATP for the synthesis of APS besides the
conversion of DHAP to 3-phosphoglycerate. Under these
conditions, no competition by PAPS and only little by APS
could be detected.

[35S]APS, [35S]PAPS, and 35SO42- were also incorporated
into other sulfur-containing lipophilic compounds (OSL) par-
titioning into the chloroform layer as noted in previous studies
with sulfate (15, 17). Incorporation of [35S]APS into these
compounds occurs at rates of 6.6 nmol/mg Chl/h, while that
of [35S]PAPS is 2.8 nmol/mg Chl/h and that of 35SO42- is
only 0.4 nmol/mg Chl/h at these concentrations. Addition of
PAPS and sulfate did not diminish label incorporated into
these other sulfur-containing compounds from 35S042- or
APS. However, when [35S]PAPS was the precursor the pres-
ence of sulfate increased the rate to 3.8 nmol/mg Chl/h and
the presence of APS decreased the rate of 2.0 nmol/mg Chl/
h from that of the control (2.8 mg Chl/h). Separate studies of
these compounds is currently underway.

It is possible that DHAP might provide sufficient reductant
and ATP to dark incubated chloroplasts to permit reactions
which could compete for APS. Since this would bias the
results of the competition studies, testing of APS and PAPS
as potential precursors was also done in the absence ofDHAP.
The results which appear in a separate preliminary commu-
nication (16) support the results presented here. In the absence
ofDHAP, [35S]APS incorporation into SQDG (1 15 pmol/mg
Chl/h) was superior to that of [35S]PAPS (9 pmol/mg Chl/h)
which was comparable to that of 3SO442- (10 pmol/mg Chl/
h) under the same conditions used here. In that competition
study (16), [35S]APS incorporation into SQDG showed little
change in the presence of sulfate (97 pmol/mg Chl/h) or
PAPS (107 pmol/mg Chl/h) compared to the control (115
pmol/mg Chl/h). However, [35S]PAPS incorporation into
SQDG changed substantially in the presence ofAPS (2 pmol/
mg Chl/h) compared to that in the presence of sulfate (7
pmol/mg Chl/h) or the control (9 pmol/mg Chl/h).
From both these competition studies, it was evident that

APS was a better precursor for SQDG biosynthesis than
sulfate or PAPS. Evident as well from these competition
studies was that APS was distinct and differed from both
sulfate and PAPS as a precursor, especially in the effect of
DHAP on the incorporation ofthe different precursors. Thus,
it was necessary to characterize further the incorporation of
APS into SQDG. The characteristics of APS incorporation
into SQDG could then be compared to those of sulfate (15).
APS incorporation into SQDG was also compared, in a more
limited manner, to that of PAPS.

Characterization of the System
The incorporation of [35S]APS into SQDG was linear for

30 min. Thirty min was chosen as a standard incubation time.
Incorporation of [35S]PAPS into SQDG was linear for up to
60 min, longer than for APS, but similar to that previously
reported for sulfate (15). Incorporation of [3"S]APS into
SQDG increased as a function of chloroplast concentration,
but only became linear between 100 and 150 Ag Chl (Fig. 1).

Incorporation of [35S]APS into SQDG was optimal when the
pH of the reaction mixture was 7.0 (Fig. 2), identical to that
reported for sulfate incorporation into SQDG (15, 17). Incor-
poration of [35S]APS into SQDG was greater when the buffer
provided was BTP/HC1 rather than Mes/KOH, also in agree-
ment with that previously reported for 35SO42- (17).

Incorporation of [35S]APS into SQDG as a function ofAPS
concentration was measured with and without DHAP present
(Fig. 3). In the absence ofDHAP, maximal incorporation was
at 20 Mm. A decreased rate of incorporation or inhibition was
observed above 30 gM APS, but by 40 uM a plateau was
reached wherein no further decrease of incorporation was
evident. The concentration curve was repeated in the presence
ofDHAP since DHAP was previously shown to stimulate the
incorporation of APS into SQDG. In the presence of 2 mM
DHAP, the shape ofthe substrate curve changed considerably.
The original peak of activity at 20 gM APS in the absence of
DHAP shifted to between 30 and 40 gM APS beyond which
a slight inhibition followed and was resumed by unsaturable
kinetics.

Cofactors

The effect of various concentrations of DHAP on the
incorporation of [35S]APS or [35S]PAPS into SQDG was tested
(Fig. 4). Optimal incorporation of APS into SQDG was evi-
dent with 2 mM DHAP. However, maximal incorporation of
PAPS into SQDG required the presence of at least 5 mM
DHAP. With DHAP present, incorporation of PAPS into
SQDG surpassed that of APS as evident in the competition

chlorophyll (Kg)
Figure 1. SQDG synthesis from APS as a function of Chi concentra-
tion. Reaction mixtures and conditions were as described in "Mate-
rials and Methods." APS concentration was 25 lsM. Chi concentration
was varied by adding various volumes of chloroplast suspension.
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Figure 2. Effect of pH on the synthesis of SODG from APS. Reaction
mixtures were as described in "Materials and Methods." Each reac-

tion mixture contained chloroplasts equivalent to 147 A'9 Chl. Mes/
KOH was used for pH values 5.5 to 6.5 (0) and BTP/HCI for pH
values 6.5 to 8.5 (0).

studies of the two precursors in the presence (Table I) and
absence (16) of DHAP. DHAP may stimulate by providing
ATP, NADPH or carbon skeleton for synthesis of SQDG.
DHAP may also serve a regulatory role (6) and may deplete
Pi (6, 30). Further experiments were directed toward under-
standing how DHAP acts and identifying other cofactors
which could affect the incorporation into SQDG.

Various triose phosphate compounds were tested to deter-
mine ifDHAP was providing a carbon skeleton for synthesis
of the headgroup or glycerol backbone of SQDG (Table II).
Of the compounds tested, only glycerol-3-P and DHAP in-
creased incorporation of[35S]APS into SQDG (part A). DHAP
was the only compound tested which greatly enhanced the
incorporation of [35S]PAPS into SQDG (part B). Addition of
3-PGA inhibited APS incorporation into SQDG although
there was relatively no effect on the incorporation of PAPS
into SQDG. Synthesis of SQDG from either APS or PAPS
was totally inhibited upon addition of 2 mM glyceraldehyde-
3-phosphate (data not shown).
Whether DHAP provides ATP and/or reductant for SQDG

synthesis was tested by comparing the addition of DHAP to
that ofATP or reductant or both. Addition of ATP, UTP, or

malate increased the incorporation of [35S]APS but not nearly
as effectively as did DHAP or DHAP plus glycerol-3-P (Table
III). DHAP and glycerol-3-P were both shown to increase
independently the incorporation of [35S]APS into SQDG
(Table II). In the presence ofDHAP and glycerol-3-P at 2 mM
concentration each, incorporation into SQDG was more than

twice that when both were present at only 1 mm. When
DHAP was present simultaneously with either ATP, UTP, or
malate, a lower rate of synthesis was observed in comparison
to that ofDHAP alone. UTP was more effective than ATP in
increasing SQDG synthesis. ATP and UTP when present
simultaneously were no more effective than each added alone.
Malate, which generates NADPH internally during its con-
version to oxaloacetate, was no more effective than ATP.
ATP and malate added simultaneously were less effective in
increasing the incorporation than each compound added sep-
arately. NADPH added to the chloroplasts decreased incor-
poration of APS into SQDG as did DTT.
ATP and NADPH were also added via the triose phosphate

shuttle mechanism (30) wherein DHAP, OAA and Pi, added
simultaneously, supply both ATP and NADPH internally to
the chloroplasts by the metabolism ofDHAP to 3-PGA. When
the complete shuttle mechanism was tested with [35S]APS as
the precursor, the combined presence of DHAP, OAA, and
Pi slightly inhibited synthesis of SQDG (Table IV). OAA
alone or in conjunction with Pi or DHAP had little effect or
decreased slightly the incorporation into SQDG. However,
addition of Pi, with or without DHAP, stimulated SQDG
synthesis (Tables II and IV).

DISCUSSION

As precursors of SQDG, APS, and PAPS offer many ad-
vantages over sulfate since the light or ATP requirement of

SODG
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Figure 3. Effect of APS concentration on SQDG biosynthesis. Chlo-
roplasts equivalent to 167 jig Chl were added at each concentration
tested. Incorporation of APS into SQDG was measured in the pres-
ence (O-O) and in the absence (fl-C) of 2 mm dihydroxyace-
tone phosphate.
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Figure 4. Effect of dihydroxyacetone phosphate concentration on
SQDG biosynthesis. Chloroplasts equivalent to 200 Ag Chi were
added to standard reaction mixtures at each concentration of DHAP
tested. Incorporation of APS (0) and PAPS (0) into SQDG was
measured as described in "Materials and Methods."

Table 11. Incorporation of APS or PAPS into SQDG in the presence
of triose phosphate compounds

Chloroplasts equivalent to 76 Mg Chl and 15 Mm [35S]APS were
present in each test tube in part A. Chloroplasts equivalent to 109
Mug Chi and 20 Mm [35S]PAPS were present in each test tube in part
B. Each compound was tested at a concentration of 2 mM.

Additions[35SS]APS [-1S]PAPS
Additions Part A Part B

nmol/mg Chl/h
None 0.210 0.020
+ DHAP 0.330 0.140
+ 3-PGA 0.110 0.025
+ G-3-P 0.320 0.029
+ PEP 0.220 0.029

sulfate incorporation into SQDG is bypassed. WIthout the
addition of ATP to the media, very low incorporation of
3SO42- into SQDG was observed, in agreement with previous
reports (15, 17), because in the dark there was no source of
ATP for the synthesis ofAPS besides the conversion ofDHAP
to 3-phosphoglycerate. As no ATP is necessary with APS,
rates of [35S]APS and [35S]PAPS incorporation into SQDG
(1.17 nmol/mg Chl/h) are 10-fold higher than those of QSO42-
incorporation into SQDG without ATP (0.14 nmol/mg Chl/
h) at the same precursor concentration. Upon addition of 2

Table Mll. Incorporation of APS into SQDG in the Presence of
Various Compounds

Chloroplasts equivalent to 280 Ag Chl, 0.42 uCi, and 30 AM [35S]
APS were present in each test tube. Each compound was tested at
a concentration of 2 mm except where indicated.

Additions nmol/mg Chl/h

None 0.28
ATP 0.47
UTP 0.58
ATP + UTP (1 mm each) 0.53
DHAP 1.17
DHAP + Glycerol-3-P 2.96
DHAP + Glycerol-3-P (1 mm each) 0.83
Malate 0.48
ATP + Malate 0.38
DHAP + Malate 0.79

Table IV. Incorporation of APS into SQDG in the Presence of the
DHAP Shuttle Compounds

Chloroplasts equivalent to 76 zg Chl, 0.80 MACi, and 15 gM [MS]
APS were present in each test tube. Each compound was tested at
a concentration of 2 mm except for Pi which was tested at a
concentration of 4 mM.

Additions nmol/mg Chl/h

None 0.21
DHAP 0.33
OAA 0.20
Pi 0.25
DHAP + Pi 0.30
OAA+ Pi 0.11
DHAP+ OAA 0.19
DHAP + OAA+ Pi 0.16

mM ATP, 35SO42- incorporation into SQDG at 30 uM still
proved a much poorer substrate than 30 Mm ["S]APS or ["S]
PAPS with rates of incorporation 4-fold to 7-fold less. At 30
Mm sulfate, rates of 3S042- incorporation into SQDG with
ATP were comparable to those at similar sulfate concentra-
tions of light-incubated chloroplasts (17) but lower than those
previously reported for 100 Mm sulfate (15), since conditions
were no longer optimal for sulfate incorporation into SQDG.
APS and PAPS can be more effective than sulfate in studies
ofSQDG biosynthesis. In the presence ofDHAP, 30 MM [35S]
APS or [35S]PAPS incorporation into SQDG was comparable
to the previously reported incorporation of 100 MM 35SO42- in
the presence of ATP or a ATP-generating system, composed
of DHAP, oxaloacetate and inorganic phosphate (1-3 nmol/
mg Chl/h) in the dark (15, 16). This shows that the effective
concentrations ofthese precursors are less than that of sulfate.
The involvement ofAPS as an intermediate between sulfate

and SQDG has been confirmed. The competition study in-
dicated sulfate and PAPS are converted to APS prior to the
formation of the sulfoquinovose headgroup since cold APS
decreased incorporation of 35SO42- or [35S]PAPS into SQDG.
No appreciable decrease in [35S]APS incorporation into
SQDG was evident when cold sulfate or cold PAPS were
present. APS was confirmed as an intermediate in cysteine
synthesis by similar competition studies (23). These results

260 Plant Physiol. Vol. 93, 1990
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confirm those of a similar competition study done in the
absence of DHAP reported in a preliminary communication
(16). However, here rates of ["S]APS incorporation into
SQDG in the presence ofDHAP (1-2.5 nmol/mg Chl/h) are
comparable to those previously reported for sulfate
(13, 15, 16).

Hydrolysis of APS and PAPS back to sulfate prior to
incorporation into SQDG is not occurring. In theory [35S]
APS can break down to AMP and 15SO42-. However, if
hydrolysis of [35S]APS were occurring, rates ofsynthesis would
be less than, not even equal to, the rates of 35SO42- incorpo-
ration into SQDG since AMP was previously shown to inhibit
35SO42 incorporation into SQDG (15). This is not the case.
Furthermore, if hydrolysis were occurring, the competition of
unlabeled sulfate with radiolabeled APS would have diluted
out the incorporation into SQDG. From the competition
studies both in the presence and absence of DHAP the addi-
tion of APS decreased sulfate or PAPS incorporation into
SQDG but sulfate did not substantially decrease APS incor-
poration into SQDG. This implies that these precursors are
accessible to reactions leading to the synthesis of SQDG but
does not indicate necessarily where those reactions are
localized.
APS and PAPS can also be used effectively as precursors of

other sulfur-containing lipophilic compounds (OSL). Joyard
et al. ( 14) have identified elemental sulfur as a major constit-
uent of this fraction. Incorporation of APS into the OSL is
much greater than that of PAPS or sulfate. This further
indicates that APS is not broken down to sulfate prior to its
incorporation. Otherwise, the incorporation of APS into the
OSL would be less than that of SQDG, since synthesis of
these compounds is evident only when the added sulfate
concentration exceeds 50 uM (17). Addition of unlabeled
sulfate or PAPS also did not decrease the incorporation of
APS into the OSL. In the case of sulfate, the incorporation
increased due to the stimulatory effect of sulfate on synthesis
of the OSL (17). The synthesis of OSL peaks at 2 mm DHAP
for APS, 1 mM DHAP for PAPS, and is inhibited by Pi, DTT,
and the DHAP shuttle mechanism (15, 17), conditions also
favoring DHAP conversion to glycerol-3-P and ultimately
DG (6). These results set the precedent for utilizing APS and
PAPS for further studies of the biosynthesis of these com-
pounds in addition to SQDG.

Characteristics of [35S]APS incorporation into SQDG dif-
fered slightly from those of 35SO42- previously reported (15,
17). Although the pH optima of both (pH 7.0) was the same,
the incorporation ofAPS was linear for only 30 min whereas
that of 35SO42- (17) and of [35S]PAPS were linear beyond 60
min. This was not surprising since the conversion of APS
back to sulfate by the ATP sulfurylase is favored energetically
(25, 28) whereas the conversion of sulfate to APS, by the ATP
sulfurylase, and of PAPS to APS, by the reverse reaction of
the APS kinase controls the amount of APS available at any
given time (28) when either sulfate or PAPS is the precursor.
The effect of increasing concentrations of Chl was also differ-
ent for both. When sulfate was the precursor, no lag below 50
jig was evident (15) and incorporation diminished above 200
,g Chl whereas that for APS was linear to at least 250 Mg Chl.
The response ofAPS incorporation into SQDG to increasing

concentrations of Chl more closely resembled that of APS
incorporation into cysteine (23) even though intact chloro-
plasts were used in the current study. Under the conditions
of incubation used in these experiments, APS could not be
converted to cysteine as sufficient reductant was not available
(23, 24, 28).

Incorporation of 35SO42- into SQDG at various concentra-
tions of sulfate exhibited characteristic Michaelis-Menten
properties (17). However, with APS as the precursor, SQDG
synthesis with increasing APS concentrations behaved simi-
larly to the substrate curve of the cytosolic fructose 1,6-
bisphosphatase which is considerably enhanced in the pres-
ence ofDHAP and does not show Michaelis-Menten charac-
teristics (10). The optimal concentration of sulfate required
was above 50 AM while that for APS was below 50 AM; either
30 AM when DHAP was present or 20 AM when DHAP was
absent. Above 50Mm, APS incorporation into SQDG increases
with nonsaturable kinetics over the concentrations tested. In
the absence of DHAP, the APS substrate curve is modulated
not only by the APS concentration but also by the degradation
of APS via the ATP sulfurylase. In the presence of DHAP,
APS breakdown products are minimized since some APS is
reformed from ATP generated through DHAP conversion to
PGA. These results, coupled with those summarized above,
indicate that APS differs from sulfate as a precursor and is
not broken down to sulfate prior to its incorporation into
SQDG.

In the current studies, there was no need for additional
reductant such as DTT. The decreased incorporation of [35S]
APS into SQDG upon addition of DTT to dark incubated
chloroplasts is attributed to reactions which compete for APS.
Upon addition of DTT in the dark, APS can be further
metabolized to sulfide, cysteine, and other reduced sulfur
forms at rates up to 2 nmol/mg Chl/h (23, 24, 28). The
previously reported increase in 3sSO42- incorporation into
SQDG in the presence of DTT (15) is attributed to either
sulfate transport, conversion of suflate to APS, or stabilization
of enzymes.
DHAP may provide a source ofcarbon for SQDG synthesis.

Other triose phosphate compounds tested (Table II) were
ineffective in substituting for DHAP. Glycerol-3-P greatly
enhanced APS incorporation into SQDG with levels of incor-
poration equivalent to those of DHAP. Gee et al. (6) have
shown conversion of DHAP to glycerol-3-P within the chlo-
roplast. That reaction is stimulated by DTT, ATP, and Pi but
inhibited by glycerol-3-P, free fatty acids, and phosphatidyl-
choline. The data suggest DG, formed from glycerol-3-P
conversion first to phosphatidate, may be one limiting factor
in SQDG synthesis, especially APS incorporation into SQDG.
Because PAPS and sulfate are one step further removed in
SQDG synthesis, other factors more limiting may minimize,
or eliminate, possible stimulation by glycerol-P there.
The data suggest a multiple role of DHAP. If DHAP were

serving solely as a source of glycerol-3-P, the addition of both
together at 2 mm would not increase the level of incorporation
more than the presence ofDHAP alone at 2 mm. The optimal
DHAP concentration for these reactions peaks sharply at 2
mM (Fig. 4). However, levels of APS incorporation were far
greater with both DHAP and glycerol-3-P present at 2 mm
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than with DHAP alone at 2 mm or DHAP and glycerol-3-P
both at 1 mM (Table III). Also, glycerol-3-P did not influence
PAPS incorporation into SQDG, nor that of sulfate, under
these conditions.
DHAP does not serve as a source ofATP for these reactions.

APS incorporation into SQDG does not increase in the pres-
ence of the DHAP shuttle mechanism, utilized in previous
studies of sulfate incorporation into SQDG in the dark (15)
to provide an internal source of ATP (Table IV). In fact, the
incorporation of sulfur from APS into SQDG in the presence
of the entire shuttle mechanism is lower than the incorpora-
tion when the shuttle mechanism is not present. The incor-
poration of sulfur from APS is 10-fold lower than that of
sulfate into SQDG in the presence of the DHAP shuttle
mechanism in the dark (15) indicating the presence of the
DHAP shuttle mechanism is not required to generate ATP
and reductant. This further demonstrates that APS and sulfate
are distinctly precursors in these reactions.
The stimulation afforded by DHAP also differs when PAPS

is the substrate. This reflects both the multiple role ofDHAP
in these reactions and differences in the incorporation ofAPS
versus PAPS into SQDG. The optimal concentration of
DHAP required for APS incorporation (2 mM) differed from
that of PAPS which saturated above 5 mm DHAP. Dark
incubated chloroplasts can convert APS to sulfate, PAPS, or
a limited amount of bound or free sulfite since sufficient
reductant is lacking for metabolism of APS to cysteine (23,
24). The equilibrium between PAPS and APS is influenced
by Pi levels, ATP levels, and APS levels (22, 28). Higher
concentrations ofDHAP may begin to generate enough ATP
and reductant to allow further metabolism of APS to reduced
sulfur compounds such as cysteine thus shifting the equilib-
rium more in favor of PAPS conversion to APS. Differences
in metabolic pools of Pi, ATP, APS, and other compounds at
the time of chloroplast isolation may explain the rates ofAPS
and PAPS incorporation into SQDG observed in the various
experiments. As mentioned previously, the competition ex-
periments indicate APS is the preferred precursor of SQDG,
regardless of the presence or absence of DHAP.

Other cofactors were also found to stimulate SQDG syn-
thesis from APS. UTP, which stimulated 35SO42- incorpora-
tion into SQDG (15, 17) also stimulated [35S]APS incorpora-
tion into SQDG. The report by Shibuya et al. (26) of a
nucleotide sugar compound in Chlorella first suggested the
possible role of UTP in the formation of a nucleotide sugar,
such as UDP-SQ, in reactions analogous to UDP-galactose
formation, a precursor in galactolipid synthesis. Our results
further support this proposal.

Addition of Pi increased APS incorporation into SQDG, as
previously reported for 35S042- (15). The role of Pi in SQDG
synthesis from APS remains uncertain. Addition of Pi acti-
vates light modulated enzymes (3), including DHAP conver-
sion to glycerol-3-P (6), and influences the transport of triose
phosphate compounds, including 3-PGA and DHAP (30).
Addition of Pi also affects the phosphorylation state of the
chloroplast (5, 29), and inhibits the ATP sulfurylase (21). The
stimulation ofSQDG biosynthesis by Pi may result indirectly
from one or more of these factors.

In conclusion, APS was shown to be an intermediate be-

tween sulfate and SQDG in competition studies and proved
a good precursor of SQDG. APS incorporation into SQDG
in the dark occurs at rates comparable to those of sulfate in
the light. DHAP stimulates the incorporation by either pro-
viding a carbon source for the headgroup or the DG moiety
via synthesis of glycerol-3-P. DHAP may also modulate en-
zymatic activity necessary for SQDG synthesis. UTP and Pi
also stimulate these reactions although no absolute require-
ment for either was indicated.
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