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Abstract. Red algae (Rhodophyceae) are photosynthetic
eukaryotes that accumulate starch granules in the cytosol.
Starch synthase activity in crude extracts of Gracilaria
tenuistipitata Chang et Xia was almost 9-fold higher with
UDP[U-14C]glucose than with ADP[U-MC]glucose. The
activity with UDP[U-'*C]glucose was sensitive to prote-
olytic and oxidative inhibition during extraction whilst
the activity with ADP[U-'*C]glucose appeared un-
affected. This indicates the presence of separate starch
synthases with different substrate specificities in
G. tenuistipitata. The UDPglucose: starch synthase was
purified and characterised. The enzyme appears to be a
homotetramer with a native M, of 580 kDa and displays
kinetic properties similar to other a-glucan synthases such
as stimulation by citrate, product (UDP) inhibition and
broad primer specificity. We propose that this enzyme is
involved in cytosolic starch synthesis in red algae and thus
is the first starch synthase described that utilises UDP-
glucose in vivo. The biochemical implications of the
different compartmentalisation of starch synthesis in red
algae and green algae/plants are also discussed.

Key words: Gracilaria (starch synthesis) — Rhodo-
phyceae — Starch synthase — Starch synthesis — UDP-
glucose

Introduction

Intracellular storage polysaccharides are present in most
living cells. The most common types are a-glucans which
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can be deposited as soluble or insoluble polymers.
Bacteria, yeast, fungi and animal cells store glycogen, a
polymer formed by a-1,4-linked D-glucose residues with
numerous o-1,6-glucosidic branch points, deposited as
amorphous granules in the cytoplasm. On the other
hand, green algae and higher plants (Chlorophyta)
accumulate starch granules in their plastids (chloro-
plasts). The granules are semi-crystalline, anhydrous
structures formed by a mixture of an essentially
unbranched a-1,4-linked d-glucose polymer (amylose)
and of a larger polymer (amylopectin) with the same
basic structure and frequent o-1,6 branch points. The
growth of o-glucan molecules is based on enzyme-
catalysed apposition of new glucose units to the
nonreducing end of existing chains by a-1,4 bonds.
Branches are introduced by the formation of o-1,6-
bonds between existing chains by branching enzymes
(EC 2.4.1.18). Chain elongation is catalysed by a-glucan
synthases using the sugar nucleotides ADPglucose
(ADPGiIc) or UDPglucose (UDPGIc) as glucosyl donors
and the EC classification of these enzymes is based on
the selectivity for the glucosyl donor. For example,
bacterial glycogen synthases are specific for ADPGlc
(ADPGlc: a-1,4-glucan  4-a-d-glucosyltransferase;
EC 2.4.1.21) and are distinct from eukaryote glycogen
synthases which use UDPGlIc (UDPGlc: glycogen 4-0-d-
glucosyltransferase; EC 2.4.1.11). Plant starch synthases
are generally specific for ADPGlc and for this reason are
classified together with bacterial glycogen synthases.
However, some forms of starch synthase associated with
the starch granule can use both ADPGIc and UDPGIc
as glucosyl donors in vitro and consequently are
sometimes classified as EC 2.4.1.11. The physiological
significance of UDPGIc utilisation by these enzymes has
been questioned. Firstly, there is no evidence that
UDPGIc is present (Gerhardt and Heldt 1984) or can
be synthesised in the plastidic compartment (Nishimura
and Beevers 1979; Usuda and Edwards 1980), or that it
can be transported across the plastidic membrane
(Pozueta-Romero et al. 1991). Secondly, granule-bound
starch synthases utilise ADPGlc much more efficiently
than UDPGIc (Preiss 1988 and references therein).
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Thirdly, transgenic or naturally mutated plants which
lack or have a greatly diminished ADPGIc synthesising
capacity also show a severe reduction in starch content
(Tsai and Nelson 1966; Miiller-Rober et al. 1992).
Moreover, separation of the enzyme from the starch
granule and subsequent purification generally leads to
the selective loss of activity with UDPGIc (Preiss 1988
and references therein). There is now a general consen-
sus that in higher plants ADPGIc is the only glucosyl
donor for starch synthases in vivo.

There are substantial structural and kinetic differen-
ces between ADPGIc- and UDPGlc-specific a-glucan
synthases. No homology is found between amino acid
sequences of mammalian UDPGlIc: glycogen synthase
and the ADPGIc: glycogen synthase of Escherichia coli
(Leung and Preiss 1987), although some homology (ca.
30%) exists between the E. coli protein and plant starch
synthases (Dry et al. 1992; Baba et al. 1993). Starch
synthases are monomeric enzymes (Preiss 1988) and
their activity is not regulated. Control of starch and
bacterial glycogen synthesis resides on substrate (AD-
PGlc) production (Preiss and Romero 1994; Martin and
Smith 1995). On the other hand, UDPGIc: glycogen
synthases are oligomeric enzymes (Roach 1986) often
found complexed with other enzymes (e.g. glycogenin,
glycogenin synthase; Gosh et al. 1989; Nimmo et al.
1976). Moreover, UDPGIc: glycogen synthases are
widely regarded as the rate-limiting enzyme in glycogen
biosynthesis and their activity is modulated by allosteric
mechanisms and through protein phosphorylation (Co-
hen 1982, 1986; Roach 1986). The many similar features
showed by ADPGlIc-dependent starch synthesis in the
Chlorophyta and glycogen synthesis in bacteria can be
attributed to the origin of chloroplasts from endosym-
biotic cyanobacteria (Bhattacharya and Medlin 1995;
Delwiche et al. 1995; Reith 1995).

Red algae represent a group of photosynthetic
eukaryotes that, in contrast to green algae and higher
plants, accumulate starch (floridean starch) in granules
exclusively located outside the plastid (rhodoplast)
(Pueschel 1990). Floridean starch is a major product of
photosynthesis and the granules from most red algae
contain only a highly branched amylopectin-like poly-
mer (Craigie 1974 for review), although amylose has
been detected in the granules of some primitive species
(McCracken and Cain 1981). The pathway of floridean
starch biosynthesis has received little attention. How-
ever, its unique cytosolic location raises important
questions related to the nature of the a-glucan synthase
involved and the glucosyl donor used for chain elonga-
tion in vivo. Zymograms of Rhodymenia sp. extracts
have revealed two forms of a-glucan synthase utilising
both ADPGIc and UDPGIc as substrates (Fredrick
1968). Nagashima et al. (1971) also reported that starch
synthase in the calcareous red alga Serraticardia maxima
was active with UDPGIlc but that ADPGIc was the most
efficient glucosyl donor. On the basis of their findings
these authors argued that the floridean starch synthase
resembles the granule-bound starch synthases of higher
plants. However, these observations are based on studies
with crude enzyme extracts and no detailed studies on
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purified starch synthase preparations from red algae are
available. Here we present the results of an investigation
on starch synthase activity in the red alga Gracilaria
tenuistipitata which, under certain growth conditions,
can accumulate starch granules accounting for over 80%
of the cell volume (Ekman et al. 1989). We have found
that UDPGIc is a considerably more effective glucosyl
donor for starch synthase activity than ADPGIc in crude
algal extracts. Furthermore, a unique UDPGIc: starch
synthase has been purified and characterised from the
alga and we suggest that it represents the first described
starch synthase that utilises UDPGlc in vivo.

Materials and methods

Chemicals. Both ADP[U-'*C]Glc and UDP[U-'*C]Glc were pur-
chased from Amersham (UK). The specific activity in experiments
with [U-'*CJADPGIlc was adjusted for each batch to take into
account the presence of a radioactive contaminant (Viola et al.
1999). Unlabelled sugar nucleotides and other chemicals were from
Sigma (St. Louis, Mo., USA). Glycogen (oyster) was de-proteinised
with trichloroacetic acid (TCA) prior to use (Dickey-Dunkirk and
Killilea 1985). Products for column chromatography were pur-
chased from Pharmacia (Uppsala, Sweden).

Algal material. Gracilaria tenuistipitata Chang et Xia (Gracilariales,
Rhodophyceae) was originally collected from China in 1990 and
has since been grown in unialgal culture in a cylinder system as
described by Lignell et al. (1987). The culture was maintained in
17 9%, salinity, at 22°C with 16h of light (150 umol
photons m™2 s™') and 8 h of darkness.

Enzyme extraction. Algae were ground in liquid nitrogen with a
mortar and pestle and extracted in 3 volumes (w/v) ice-cold Bicine-
KOH (0.1 M, pH 8) containing EDTA (1 mM), phenyl-
methylsulfonylfluoride (PMSF; 1 mM), benzamidine (0.5 mM),
Na,SO4 (5 mM), DTT (5 mM) as well as other chemicals as stated.
Cell walls and starch granules were pelleted by centrifugation at
16 000 g, 4 °C, for 20 min. The pellet was washed twice in
extraction buffer and collected by centrifugation before it was used
in assays. In some experiments, algae were extracted in 0.5 M Tris-
HCI (pH 7.5) containing 0.5 mM cysteine and 0.5 M sucrose
according to the method by Nagashima et al. (1971).

Starch granule isolation. Floridean starch granules were isolated
from G. tenuistipitata according to the method of Yu (1992) with
the exception that the starch synthase extraction buffer was used
instead of distilled water during the procedure. The starch grains,
forming a white band in the pellet, were collected, resuspended in
the enzyme extraction buffer and filtered through two layers of
Miracloth. The suspension was centrifuged at 4000 g for 20 min,
the supernatant discarded and the pellet resuspended in enzyme
extraction buffer. This procedure was repeated until the starch
grain suspension appeared clean from cell wall polysaccharides and
then it was passed through a Munktell filter paper No 3 (Grycksbo,
Sweden) in a Biichner funnel. The starch grains were again
collected by centrifugation (4000 g, 20 min), applied on top of a
60% sucrose solution and centrifuged at 10 000 g 10 min. The
sucrose was discarded and the starch pellet washed with buffer and
collected by centrifugation. Starch granules from tubers of Solanum
tuberosum (cv. Record) were extracted by the method of Kuipers
et al. (1992).

Radioactive assay of starch synthase activity. All assays were
performed at 30 °C. Standard assays contained Bicine-KOH
(0.1 M, pH 8.0), 0.5 M sodium citrate, 15 mg/mL de-proteinised
glycogen, 2 mM UDPGIc or ADPGlc, 3.7 kBq UDP[U-'*C]Glc or
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ADP[U-"*C]Glc and aliquots of enzyme preparation in a final
volume of 0.2 mL. In some cases amylopectin (15 mg/mL) or
starch granules (75 mg/mL) were used as reaction primer instead of
glycogen. Alkaline phosphatase (2 U/assay; Sigma P-4252) was
included in assays of crude extracts but not of purified prepara-
tions. At the end of the incubation glycogen was precipitated with
2 mL methanol-KCI (Smith 1990), incubated at —20 °C for 5 min
and collected by centrifugation (3000 g, 5 min, 4 °C). The pellet
was resuspended in 0.3 mL distilled water and the precipitation,
centrifugation and resuspension procedure repeated twice more
before the resuspended pellets were mixed with 5 mL scintillation
cocktail and the incorporated radioactivity determined by liquid
scintillation counting. For identification of the radioactive product
in the washed pellets, these were resuspended into 0.2 mL of
50 mM acetate buffer (pH 4.8) containing 2 U amyloglucosidase
(Aspergillus niger; Sigma A-7420) and incubated for 30 min at
30 °C to digest the glycogen. Subsequently, amyloglucosidase was
heat-inactivated and glycogen (10 mg/mL) was added to the
solution, immediately followed by 2 mL KCl/methanol. After
standing at —20 °C for 15 min, the samples were centrifuged and
washed as described for the standard assay, and the radioactivity in
pellets and supernatants was quantified by liquid scintillation
counting.

Aliquots of reaction mixtures were routinely tested for conver-
sion of UDP[U-"*C]Glc into [**C]glucose-1-phosphate (['*C]Glc1P)
by the method of Viola et al. (1994). Controls were performed with
boiled extracts and all assays were performed in duplicate.

Assay of starch synthase activity by HPLC. For some kinetic
determinations (e.g. primer requirement, substrate specificity)
enzyme activity in purified preparations was quantified by the rate
of nucleotide 5’-diphosphate (NDP) released into the reaction
medium. The assay conditions were the same as for the standard
assay (except for the identity of the NDPsugar and for the absence
of radiolabel) and at the end of the incubation, aliquots of the
reaction mixtures were boiled and NDPsugars and NDP were
chromatographically separated by HPLC as described in Viola
et al. (1999). The retention times of UDPGIc, ADPGlIc, cytidine 5'-
diphosphate glucose (CDPGlc), guanosine 5-diphosphate glucose
(GDPGlIc) and uridine 5-diphosphate galactose (UDPGal) varied
under these conditions. However, baseline separation was observed
between individual NDPsugars and the corresponding NDP which
eluted between 1.1 and 1.8 min after the respective sugar
nucleotide.

Purification of UDPGIc: starch synthase. Algae were rinsed briefly
in distilled water, blotted dry and ground to a fine powder in liquid
nitrogen. The powder was extracted in 3 volumes (w\v) Bicine-
KOH (0.1 M, pH 8) containing DTT (5 mM), EDTA (1 mM),
Na,SO4 (5 mM), PMSF (1 mM) and benzamidine (0.5 mM). The
extract was filtered through double layers of Miracloth and
centrifuged for 20 min at 16 000 g and 4 °C. The starch synthase
activity was precipitated with glycogen (3 mg/ml) and polyethyl-
eneglycol (PEG; MW 8000) as described by Dickey-Dunkirk and
Killilea (1985) except that PEG was added to the extracts and not
incorporated in the extraction medium. The glycogen pellet was
resuspended in approximately 1/10 of the original volume of
extraction buffer and was applied to a column (20 cm long, 2.5 cm
i.d.) containing 30 mL Q-Sepharose equilibrated with buffer A
(50 mM Hepes, pH 8.0; 5 mM DTT). The column was washed with
buffer A until no glycogen was detected (A,g) in the eluant.
Enzyme activity was eluted with 10 mL of buffer A containing
0.6 M KCI and subsequently diluted to 100 mL with buffer A to
reduce salt strength. The starch synthase activity was once again
precipitated with glycogen and PEG, resuspended, and diluted to
10 mL before application to a MonoQ column (HR 5/5) equili-
brated with buffer A. Proteins were eluted with a linear gradient
from 0 to 0.7 M KCI over 40 mL with a flow rate of 0.5 mL/min
and 1-mL fractions collected. Enzyme activity eluted as a single
peak between 18 and 31 min. Active fractions eluted from MonoQ
were pooled and used for kinetic determinations.
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Determination of molecular weight. Pooled MonoQ fractions were
adjusted to 300 mM KCI and aliquots (200 pL) were applied to a
Superose 12 column (HR 10/30), pre-equilibrated with 50 mM
Hepes (pH 8), containing 5 mM DTT and 300 mM KCI. Proteins
were eluted in the same buffer at a flow rate of 0.3 mL/min and 0.6-
mL fractions were collected and assayed for activity. The Superose
12 column was calibrated with gel-filtration protein markers.

Electron microscopy. Fixation, embedding and electron microscopy
were performed as described by Nyvall et al. (1999).

Protein determination. Proteins were measured using the BioRad
Protein Assay Dye Reagent (BioRad, Miinchen, Germany) using
bovine serum albumin as standard.

Electrophoresis. The protein extracts were mixed with double-
strength sample buffer and boiled 5 min before application to SDS-
polyacrylamide gels with a 5% stacking gel and a 10% running gel.
The gels were run on a Mini-Protean II vertical gel electrophoresis
cell (BioRad, Miinchen, Germany) with a discontinuous Tris-
glycine buffer system (Laemmli 1970). Proteins were visualised by
silver staining.

Results and discussion

The cell structure of Gracilaria tenuistipitata. The
ultrastructure of G. tenuistipitata is characterised by a
thick cell wall composed mainly by agar polymers. The
rhodoplasts with unstacked, evenly spaced thylakoids,
lie adjacent to the cell wall (Fig. 1). Starch granules with
different shape and size are found free in the cytosol.
The abundance of starch granules varies with the
nitrogen status of the alga, being increased under
nitrogen-limitation (Yu 1992).

Extraction and assay of starch synthase from Gracilaria
tenuistipitata. The starch synthase activity of

Fig. 1. Thin section of G. tenuistipitata thallus showing starch
granules outside the rhodoplasts. CW, cell wall; N, nuclei; SG, starch
granules; RP, rhodoplasts
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Table 1. Effect of extraction medium on recovery of a-glucan synthase activity from G. tenuistipitata. Algal fronds were ground in liquid
N, and extracted with 3 volumes of: 1) the standard medium used for plant starch synthase, i.e. 0.1 M Bicine, | mM EDTA, 5 mM DTT,
5 mM Na,SOy, 0.5 mM benzamidine, | mM PMSF; 2) the buffer of Nagashima et al. (1971), i.e. 0.5 M Tris-HCI, 0.5 M sucrose and
0.42 mM cysteine; 3) Nagashima’s medium supplemented with 1 mM EDTA, 5 mM DTT, 5 mM Na,SOy, 0.5 mM benzamidine and 1 mM
PMSEF. Data + SE are average of three separate extractions

Extraction Fraction Activity (nmol (g FW)™' h™") UDPGIc/ADPGlc
medium activity ratio
ADP[U-'*C]Glc UDP[U-"*C]Glc Total activity

1 Supernatant 12.1 £ 3.4 104.3 + 10.5 116.4 8.6

Pellet 0.7 £ 0.5 10.5 £ 5.3 11.2 15.0
2 Supernatant 172 £ 6.1 5.7 £ 2.3 22.9 0.3

Pellet 02 +0.2 0.1 £0.3 0.3 0.5
3 Supernatant 59 £ 23 96.1 + 9.7 102.0 16.2

Pellet 05 +04 8.2 + 5.1 8.7 16.4
Table 2. Purification of UDPGIc: starch synthase from Gracilaria tenuistipitata
Step Volume (ml) Proteins (mg) Activity (mU) Specific activity Purification Yield (%)

(mU/mg protein) (-fold)

Crude extract 373.0 384.2 238.2 0.6 1.0 100
Glycogen pellet 1 30.5 10.7 223.1 20.8 33.6 94
Q-Sepharose 10.0 3.8 135.5 35.5 57.2 57
Glycogen pellet 2 1.4 0.4 66.6 166.5 268.5 28
Mono Q 3.0 0.1 18.3 228.6 368.7 8

G. tenuistipitata was extracted and assayed using stan-
dard protocols for higher-plant starch synthase. Under
these conditions, incorporation of UDP[U-'*C]Glc into
a-glucan was 8.6-fold higher than with ADP[U-'*C]Glc
and over 90% of enzyme activity was associated with the
soluble fraction regardless of the substrate used (Ta-
ble 1, extraction medium 1). These results contrast with
a previous study with the red alga Serraticardia maxima
in which starch synthase activity was found largely
associated with the starch granules and where
ADP[U-'"“C]Glc was a better glucosyl donor than
UDP[U-"*C]Glc (Nagashima et al. 1971). When G. ten-
uistipitata was extracted using the method of Nagashima
et al. (1971), i.e. in 0.5 M Tris-HCI (pH 7.5) containing
0.5 mM cysteine and 0.5 M sucrose, total starch syn-
thase activity (i.e. the sum of the activity with
ADP[U-"%C]Glc and UDP[U-'*C]Glc) was less than
20% that obtained with our original method (Table 1,
extraction medium 2). This decrease was entirely
attributable to loss of enzyme activity with UD-
P[U-'*C]Glc and, as a result, the UDPGlc/ADPGlc
activity ratio decreased from 8.6 to 0.3. Notably,
addition of protease inhibitors and reducing agents to
the Nagashima medium increased the recovery of starch
synthase activity from G. tenuistipitata to levels compa-
rable to our original method and restored a high
UDPGIc/ADPGIc activity ratio (Table 1, extraction
medium 3). These results indicate that incorporation of
UDP[U-'"C]Glc or ADP[U-'*C]Glc into a-glucan is
catalysed by separate enzymes in G. tenuistipitata. The
enzyme active with UDPGIc was the most important
starch synthase in this alga and appears sensitive to
proteolytic and/or oxidative inactivation. The apparent
instability of this UDPGlIc: starch synthase during

extraction suggests a substantial underestimation of its
activity in previous studies with S. maxima (Nagashima
et al. 1971) or other red algae (Fredrick 1967, 1968).

Enzyme purification. The UDPGIc: starch synthase of
G. tenuistipitata was purified 369-fold with a final yield
of 8% (Table 2). The enzyme showed strong affinity for
glycogen, enabling the insolubilisation of the enzyme-
glycogen complex in the presence of PEG. The yield
after the second precipitation (28%) was comparable to
that obtained for the purification of glycogen synthase
from bovine heart with a similar method (Dickey-
Dunkirk and Killilea 1985). These authors observed that
the removal of glycogen from their enzyme preparations
resulted in rapid loss of enzyme activity. These losses
were attributable to a combination of hydrophobic
adsorption of the enzyme to the ion exchanger and loss
of enzyme stability upon separation of the protein from
glycogen. Under our conditions almost 40% of the
activity was lost in the glycogen-removing Q-Sepharose
step between the two PEG precipitations. A further 70%
loss of the remaining activity occurred during purifica-
tion of the second PEG precipitate via analytical scale
chromatography on MonoQ (Table 2). The active
preparation obtained from MonoQ was subjected to
size-exclusion chromatography on Superose 12 and the
native molecular weight of the purified enzyme was
estimated at 580 kDa (not shown). An SDS-PAGE
analysis of the fractions eluted across the peak of
activity revealed a correlation between enzyme activity
and a polypeptide with an apparent M, of 145 kDa
(Fig. 2). This suggests a tetrameric conformation for the
native enzyme. Although the enzyme preparation ap-
peared homogeneous in some of the fractions, activity
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Fig. 2. Size-exclusion chromatography of partially purified UDPGlc:
starch synthase from G. tenuistipitata. The active preparation obtained
following MonoQ chromatography (see Table 1) was applied to a
Superose 12 column and the fractions were assayed for enzyme
activity and subjected to SDS-PAGE. For comparative purposes the
enzyme activity and SDS-PAGE profile of the preparations obtained
from the second PEG precipitation of the enzyme-glycogen complex
(GLY) and of the pooled active fractions following MonoQ
chromatography (MQ) are also shown. Upper panel: UDPGlIc: starch
synthase activity in 100 pL (fractions 13-18 from Superose 12) or
25 uL MQ, GLY) of sample assayed for 60 min. Lower Panel: SDS-
PAGE of fractions of upper panel. Arrow indicates the polypeptide
band correlated with enzyme activity. Each track contains protein
from 15 pL of the fraction except for the GLY and MQ lanes where
5 uL fraction was used. The M, values (kDa) of standards are
indicated

was always irreversibly lost within hours from elution
and specific activity could not be determined accurately.
For this reason the size-exclusion step has not been
included in the purification schedule and kinetic char-
acterisation of the enzyme was carried out on the pooled
active fractions obtained from MonoQ chro-
matography.

The tetrameric conformation is also the most com-
mon of known UDPGlIc: glycogen synthases (McVerry
and Kim 1972). However, the molecular weight of the
algal UDPGlIc: starch synthase subunits is higher than
that reported for UDPGIc: glycogen synthases of
Neurospora (Takhara and Matsuda 1978), yeast (Huang
and Cabib 1974), rabbit muscle (Nimmo et al. 1976),
and rat liver (Rulfs et al. 1985) which range from 79 to
93 kDa. The subunit M, of the algal enzyme is also
higher than that of ADPGIc: a-glucan synthases from
E. coli (50 kDa; Kumar et al. 1986) and a number of
higher-plant starch synthases surveyed by Preiss (1988)
which ranged between 60 and 95 kDa. More recently,
starch synthase isoforms with M, of 139.2 and 140 kDa
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Fig. 3. Comparative analyses of the rate of UDP release (®)and the
rate of UDP[U-'*C]Glc incorporation into glycogen () during the
assay of purified UDPGlc: starch synthase from G. tenuistipitata. The
assay was carried out as described in Materials and methods (standard
assay) using UDP[U-'“C]Glc as substrate and 50 pL of enzyme
preparation (MonoQ fraction). At the intervals stated, the reaction
was stopped by boiling for 2 min and aliquots (10 pL) applied to
HPLC for analysis of UDP released. The remainder of the sample was
precipitated with KCl/methanol for determination of label incorpo-
rated into glycogen. Data + SE from 3 replicates

have been reported in potato (Abel et al. 1996; Marshall
et al. 1996) and a starch synthase cDNA with an
estimated size of 188 kDa has been isolated from maize
(Gao etal. 1998). All described ADPGlc: a-glucan
synthases are monomeric in their native configuration.

Assay and authentication of reaction products. The
potential interference by other UDPGIc-utilising en-
zymes during the assay of starch synthase activity in
crude extracts was examined. Conversion of UD-
P[U-'*C]Glc into ["*C]GlcIP was observed and resulted
in '*C incorporation into polymeric glucan via a-glucan
phosphorylase (not shown). This interference was elim-
inated by the inclusion of alkaline phosphatase in the
assay mixture which prevented accumulation of
['*C]GIcIP during the course of the assay. Under these
conditions, UDP[U-'*C]Glc incorporation into glycogen
was linear with time (15-90 min) and extract volume
(2080 pL). Phosphatase was omitted in assays of
purified preparations as no ['*C]GIcIP formation was
detected. With these preparations, linearity was ob-
served between the rate of UDP release and the rate of
UDP[U-'C]Glc incorporation into KCl/methanol-
insoluble products (Fig. 3). The nature of the insoluble
labelled products formed during the course of the
reaction was further investigated. Amyloglucosidase
digestion of the KCl/methanol-insoluble products re-
leased 95.9 £ 5% of the radioactivity. Addition of TCA
(20% w/v) to assay mixtures at the end of incubations
precipitated 8.5 £ 2% of the radioactivity insolubilised
in replicates treated with KCl/methanol. These results
indicate that the purified enzyme catalyses the incorpo-
ration of UDP[U-'*C]Glc into glycogen and not into
proteins or B-glucans. It was also determined that the
reaction was not affected by MgCl, or MnCl, (not
shown) which are required for glycogenin-dependent
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Fig. 4A,B. The effect of pH on purified UDPGlIc: starch synthase
activity from G. tenuistipitata. Assays (HPLC protocol) were carried
out in the presence citrate (0.5 M) and amylopectin (A) or glycogen
(B) as reaction primer. Buffers used were: acetate (®), citrate ((J),
Mops (A), bicine (@) and glycine (O) at 0.1 M final concentration.
Assays were conducted in the presence of 50 pL of enzyme
preparation and were stopped after 60 min. Activity is expressed as
the rate of UDP released as determined by HPLC

transglucosylation (Smythe and Cohen 1991; Ardila and
Tandecarz 1992). These results indicate that the proto-
cols used provided accurate determinations of UDPGlc:
starch synthase activity of G. tenuistipitata.

Kinetic properties. Slight differences in optimum pH for
activity were observed depending on whether glycogen
or amylopectin was used as primer for the UDPGlc:
starch synthase. With amylopectin, enzyme activity was
maximal at pH 8.1 with sharp declines below pH 7 and
above pH 9 (Fig. 4A). With glycogen, the optimum pH
was broader (6.7-8.1) with activity falling rapidly below
6.5 and, more gradually, above 8 (Fig. 4B). Broadly
similar pH optima have been reported for other enzymes
known to be active in the cytosol of Gracilariales such as
a-glucan phosphorylase (Yu and Pedersén 1991) and
UDPGIc: epimerase (Prosselkov et al. 1996). For com-
parison, an optimal pH range between 8.5 and 10.3 has
been reported for maize soluble starch synthases (Im-
parl-Radosevich et al. 1998) whilst optimum activity for
tadpole UDPGlc: glycogen synthase was at pH 7.5 or
9.0, depending on the presence of glucose-6-phosphate
(Glc6P) (Hannigan et al. 1985). The stimulation of
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Fig. 5. The effect of sodium citrate on the algal UDPGIc: starch
synthase activity. Insert: the corresponding double reciprocal plot.
Assay conditions were the same as in Fig. 2

starch synthase activity by citrate in the presence of
saturating UDPGIc and glycogen concentrations is
shown in Fig. 5. The concentration of citrate which
resulted in half-maximal enzyme activation was
48.6 mM. For comparison, the values reported for
glycogen synthase of rat liver and tadpole are 15 mM
and 26.5 mM respectively (Sevall and Kim 1971;
Magner and Kim 1973). In the absence of citrate, the
enzyme displayed a sigmoidal saturation curve with
respect to either amylopectin (Fig. 6) or glycogen
(Fig. 6). In the presence of 0.5 M citrate, the saturation
curve with either primer became hyperbolic. The enzyme
displayed hyperbolic saturation with respect to UDPGlc
with or without citrate with either glycogen or amylo-
pectin (not shown). The K, for UDPGlIc in the presence
of citrate was lower with glycogen than with amylopec-
tin but V., was similar for both primers. (Table 3).
Addition of citrate reduced the K, for UDPGIc and the
concentration of primer (glycogen or amylopectin)
required for half-maximal activity and increased the
Vmax Of the reaction. These effects are broadly similar to
those induced by citrate on UDPGlIc: glycogen synthase
(Sevall and Kim 1971; Magner and Kim 1973) and on
plant starch synthases (Preiss 1988). The exact mode of
action of citrate on a-glucan synthase is not known, but
studies with UDPGIc: glycogen synthase from rat liver
and tadpoles suggests that it may induce conformational
changes in the enzyme (Sevall and Kim 1971; Magner
and Kim 1973). The K, for UDPGIc determined in the
presence of citrate and glycogen was 0.17 mM. Similar
K., values are reported in the literature for ADPGlc:
starch synthases and UDPGIc: glycogen synthases
(Sevall and Kim 1971; Frangois and Hers 1988; Preiss
1988). No information is available on the concentration
of citrate or UDPGlIc in Gracilaria.

The effect of a range of metabolites on the
UDP[U-'4C]Glc incorporation into glycogen by purified
enzyme preparations is shown in Table 4. None of the
compounds tested stimulated enzyme activity, including
GIc6P (up to 20 mM), a known allosteric activator of
UDPGIc: glycogen synthases (Leloir et al. 1959). ATP,
UTP and more effectively, UDP inhibited enzyme
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Fig. 6. The effect of citrate on the algal UDPGIc: starch synthase
activity at different concentrations of amylopectin or glycogen. The
partially purified enzyme was assayed with 0.5 M citrate (A) or
without citrate ((J). Assay conditions were the same as in Fig. 2

activity. Product inhibition (ADP) is also observed with
ADPGIc-dependent starch synthases (Preiss and Levi
1980). Importantly, the algal enzyme activity was
unaffected by the presence of ADP or ADPGIc in
equimolar amounts to UDP[U-'*C]Glc. The substrate
specificity of the enzyme was determined by the rate of
NDP release from a range of sugar nucleotides
(Table 5). The highest rates of NDP release were
observed with UDPGIc even though significant activity
was also observed with GDPGIc and, to a lesser extent,
with CDPGlc. These results may imply a relatively low
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Table 4. Effect of various metabolites on partially purified
UDPGIc: a-glucan synthase activity from G. tenuistipitata. Activity
was estimated as UDP[U-'*C]Glc incorporation into glycogen in
the presence of 0.5 M citrate. Routine assays contained 2 mM
UDPGIc and metabolites at the concentrations stated. Data are
expressed as a percentage of the activity observed in the absence of
the metabolite and are means of three separate determinations

Substrate Concentration Relative activity
(mM) (%)
UTP 2 79
5 45
UDP 2 16
5 2
ATP 2 78
5 86
ADP 2 88
ADPglucose 2 99
GTP 2 94
GDP 2 108
GDPglucose 2 109
CDPglucose 2 100
3-Phosphoglycerate 2 89
Fructose-1,6-bisphosphate 2 104
Glucose-1,6-bisphosphate 2 111
Glucose-6-phosphate 20 101
Glucose-1-phosphate 20 88
Glycerol 5 100

attributable to starch synthase activity. Further charac-
terisation of substrate specificity will require the use of
labelled sugar nucleotides and the characterisation of the
labelled product formed.

Primer requirement for enzyme activity was deter-
mined also from the rate of UDP release rather than that
by UDP[U-'*C]Glc incorporation as only products with
> 25 glucose residues are insolubilised by KCl/methanol
treatment (Denyer et al. 1996). Glycogen, amylopectin,
soluble starch and, to a lesser extent, amylose could act

Table 5. Substrate specificity of partially purified UDPGlc: starch
synthase from G. tenuistipitatata. Activity was determined as the
rate of NDP release after 1 h incubation in the presence of glyco-
gen, 0.5 M citrate and 2 mM of each NDPsugar. Quantification of
NDP released was carried out by HPLC. Data are means = SE
from three separate determinations

. S
specificity of the algal enzyme. However, inclusion of Substrate Relative activity (%)
GDPGIc or CDPGIlc in equimolar concentration to  UDPglucose 100
UDP[U-'C]Glc had no effect on enzyme-catalysed '*C ~ UDPgalactose 10.1 + 55
incorporation into glycogen (see Table 4). This suggests g]l))g gllucose 23'2 i ‘1"8
that the observed NDP release from these sugar nucle- ADP%?;(O)ZZ 3% 109
otides by the partially purified preparation may not be i i
Table 3. Effect of citrate on kinetic para- ; ; - -
meters of partially purified UDPGle: starch Primer Citrate K., UDPGlc Primer concer}tratlon Vinax (Lmol .
synthase activity from G. tenuistipitata. 05M)  (mM) (ng/mL) required for (r{llg protein)
Data are means + SE of three separate half-maximal rate h™)
determinations Glycogen - 0.69 + 0.07 4700 + 520 3.7 £ 03

+ 0.17 £ 0.02 21 + 4 123 £ 14

Amylopectin - n.d. 3020 + 180 30 £ 04
+ 0.52 + 0.03 122 £ 15 11.7 £ 2.1
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Fig. 7. Activity of UDPGIc: starch synthase in the presence of
maltodextrins (G2 to G7), glucans or galactans. The concentration of
primer was 10 mg mL™'. Assay conditions were the same as in Fig. 2.
Data are means + SE of three replicates

as primers for the reaction while little or no activity was
detected with short linear glucan chains, B-glucans or
B-galactan (Fig. 7). The lack of activity with linear
glucans with degree of polymerisation up to 7 suggests a
requirement for an additional primer for chain initiation
in vivo. Notably, native starch granules were also
effective as reaction primers. Table 6 shows the
incorporation of UDP[U-'C]Glc and ADP[U-'*C]Glc
into starch granules purified from G. tenuistipitata or
potato tubers. Substantial label incorporation into the
potato starch granules with both substrates was detected
in the absence of the algal enzyme with both labelled
substrates used. This is attributable to activity of the
granule-bound starch synthase. Inclusion of algal en-
zyme preparation significantly increased the amount of
UDP[U-"*C]Glc incorporated into potato or algal starch
granules. The algal enzyme-dependent incorporation of
UDP[U-'*C]Glc incorporation into algal or potato

Table 6. Incorporation of labelled sugar nucleotides into native
starch granules by partially purified starch synthase from Gracilaria
tenuistipitata (+). Starch granules were purified from G. tenuisti-
pitata or tubers of Solanum tuberosum (cv. Record) as described in
Material and methods and used as a primer for enzyme activity.
Label incorporation in the absence of algal extracts (-) and attri-
butable to granule-bound enzyme activities was also determined.
The reaction mixtures contained 60 mg starch granules/assay and
were kept gently shaking during the course of incubation. Enzyme
activity in the presence of glycogen as a reaction primer are also
shown for comparative purposes. Data are means = SE from three
separate determinations

Primer Enzyme Activity (umol (mg protein) ' h ~1)
preparation
ADP[U-'*C]Glc  UDP[U-'*C]Glc
Glycogen + 0.6 £ 0.11 11.3 + 2.11
- 0.1 = 0.02 0.1 £ 0.01
Floridean + 0.3 £ 0.12 0.5 £ 0.11
starch - 0.1 £ 0.05 0.1 £ 0.02
Potato + 27.5 +£ 2.10 5.8 = 091
starch - 27.1 = 1.99 3.5 £ 0.51

Pi Nyvall et al.: UDPGIc: starch synthase from G. tenuistipitata

starch granules was 3.9% and 18% respectively of that
into glycogen. The presence of algal enzyme stimulated
ADP[U-"*C]Glc incorporation into floridean starch but
not into potato starch granules. Incorporation of
ADP[U-"C|Glc into floridean starch granules was less
than 50% that of UDP[U-"*C]Glc.

Multiplicity of starch synthases in red algae. Our
investigations with crude extracts and purified enzyme
preparations of G. tenuistipitata indicate the presence of
separate starch synthases with different substrate speci-
ficity. There is additional evidence for the presence of
ADPGlIc: starch synthase in other red algae (Fredrick
1968; Nagashima et al. 1971; Sheath et al. 1979). It
would be important to establish whether these enzymes
operate in the same compartment. In Porphyridium
purpureum cultures, chloramphenicol causes a decline of
ADPGlIc: starch synthase activity but has no effect on
o-glucan phosphorylase whilst opposite results were
obtained with cycloheximide (Sheath et al. 1981). Thus,
it is tempting to speculate that the rhodoplast may be the
site for functional assembly and activity of ADPGIc:
starch synthase where it may be involved in the
production of soluble o-glucans. Notably, o-glucan
lyase, a novel enzyme with starch-hydrolysing activity
isolated from Gracilariopsis lemaneiformis (Yu et al.
1993a), has also been shown to be located in the
rhodoplast (Yu and Pedersen 1993). On the other hand,
a-glucan phosphorylase has been immuno-localised to
the surface of the starch granules in the cytosol of
Gracilaria sordida (Yu et al. 1993b). Thus, net floridean
starch biosynthesis may be controlled by the relative
activity of UDPGIc: starch synthase and o-glucan
phosphorylase in the cytosol of red algae. Interestingly,
a-glucan phosphorylase activity from G. sordida is
equally inhibited by low concentrations of UDPGlc
and ADPGIc (Yu and Pedersen 1991), unlike the enzyme
from higher plants which requires non-physiological
levels of the sugar nucleotides (Steup 1988) or the
enzyme from Chlorella vulgaris which is more sensitive
to inhibition by ADPGIc than UDPGIc (Nakamura and
Imamura 1983).

The different properties of the enzymes involved in
a-glucan synthesis in red algae and green algae/plants
may be explained by the different compartmentalisation
of starch synthesis in these organisms. Phylogenetic
analyses indicate an early evolutionary emergence of red
algae that preceded that of plants, animals or fungi
(Stiller and Hall 1997). Distinct biochemical relation-
ships between the host and the plastid may have arisen
in Chlorophyta and Rhodophyta if, as suggested by
Stiller and Hall (1997), these organisms do not share a
common host ancestor nor perhaps a common endo-
symbiont. Recently a gene encoding a starch-branching
enzyme was cloned from Gracilaria gracilis (Lluisma and
Ragan 1998). The gene sequence lacks transit peptide
coding regions and phylogenetic analyses indicate that it
groups with eukaryotic and not prokaryotic genes. This
in turn indicates that the gene may be derived from the
eukaryotic ancestor rather than from an endosymbiotic
cyanobacterium.
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Concluding remarks. We have shown that UDPGIc is a
much better substrate than ADPGIc for starch synthesis
in the floridean starch-accumulating red alga G. ten-
uistipitata. We have also provided evidence that ques-
tions the purported similarities between starch synthases
of red algae and green algae/plants (Nagashima et al.
1971). The proposal that UDPGIc may be the natural
substrate for starch synthesis in G. tenuistipitata is
consistent with the cytosolic location of this pathway in
red algae and underlines fundamental differences with
the pathway in green algae/plants. The enzyme impli-
cated in cytosolic starch synthesis in red algae (floridean
starch synthase) apparently shares kinetic properties
with both starch and glycogen synthases but has a native
conformation and substrate specificity typical of
UDPGIc: glycogen synthases. Thus, this enzyme may
represent the first reported starch synthase that utilises
UDPGIlc in vivo. Further work is planned to identify
other components of the starch-synthesising pathway in
Gracilaria and to characterise the components at the
molecular level.
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