
SUMMARY

A cDNA encoding glutamine synthetase (GS) was char-
acterized from the red alga, Gelidium crinale (Turner)
Gaillon, using reverse-transcriptase polymerase chain
reaction and the 5′- and 3′-rapid amplification of cDNA
ends. Sequence analysis of a 1231-bp GS cDNA tran-
script included both 5′ and 3′ untranslated regions and
a 1056-bp open reading frame encoding a 352 amino
acid polypeptide. Comparison with GS sequences from
other organisms revealed that the G. crinale cDNA
encodes a type-II GS, and the absence of a N-terminal
plastid signal sequence suggests that it is a cytosolic
isoenzyme. Phylogenetic analyses of GSII amino acid
sequences supports the multiple origin of cytosolic and
plastid isoenzymes during eukaryotic evolution.
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Glutamine synthetase (GS, EC 6.3.1.2) is an important
primary biological catalyst that is responsible for the
initial step at which nitrogen is brought into cellular
metabolism. Glutamine synthetase uses ATP to con-
dense ammonia (NH4

+) with glutamate to form gluta-
mine. Glutamine is subsequently the source of nitrogen
in the biosynthesis of many nitrogen-containing
metabolites. Three forms of GS have been character-
ized: (i) GSI, a holoenzyme of 12 polypeptide subunits,
is found in prokaryotes (e.g. Eisenberg et al. 1987); (ii)
GSII, a holoenzyme of eight polypeptide subunits, is
found in both prokaryotes and eukaryotes (e.g. Eisen-
berg et al. 1987; Kumada et al. 1993); and (iii) GSIII,
a holoenzyme of six polypeptide subunits, is found in
prokaryotes (e.g. Goodman and Woods 1993). Recently,
GSI-like genes have been described from higher plants,
but it is unknown if the products of these genes act as
glutamine synthetases (Mathis et al. 2000).

Characterization of GS genes from eukaryotes has
been predominantly limited to those from animals and
higher plants. Cytosolic and chloroplast GS genes have
been isolated and characterized from the green algae
Chlamydomonas reinhardtii (Chen and Silflow 1996)
and Dunaliella tertiolecta (Robertson et al. 1999), and
the gene for chloroplast GS has been described from

the diatom Skeletonema costatum (Robertson et al.
1999).

Phylogenetic analyses of amino acid sequences for
GS from these and other eukaryotic organisms have
shown that whereas chloroplast and cytosolic forms of
GS from C. reinhardtii represent an evolutionarily old
divergence, chloroplast and cytosolic GS in higher
plants have arisen from a more recent duplication event
(Chen and Silflow 1996; Robertson et al. 1999). The
non-monophyly of chloroplast or cytosolic forms within
GS phylogenies indicates that GS isoenzymes have 
originated multiple times during the evolution of
eukaryotes.

In this note, we present the sequence of a cDNA
encoding type-II GS from the red alga Gelidium crinale.
This is the first GS gene characterized from a red alga,
and provides additional information towards our under-
standing of the evolution of nitrogen metabolism path-
ways in eukaryotes.

Specimens of G. crinale were collected from Fort
Fisher, New Hanover County, North Carolina, USA and
brought to the laboratory in seawater. Non-epiphytized
growing tips were washed in a 1% betadine solution
and used as starting material for total RNA extractions
using the acid guanidinium thiocyanate/phenol/
chloroform-based AMBION ToTALLY RNA Kit (Austin,
TX, USA).

Reverse-transcriptase polymerase chain reaction 
(RT-PCR) using the QIAGEN OneStep RT-PCR Kit and
protocol (Valencia, CA, USA) was used to amplify a ca.
650-bp section of GS. The forward RT-PCR primer was
based on the GS01 primer of Robertson et al. (1999)
and the reverse primer (GS03a) was designed based on
an alignment of GS amino acid sequences available
from GenBank (Table 1). The ca. 650-bp DNA band
was isolated in a 1% low-melting-point agarose gel and
cleaned with Wizard PCR Preps (Promega, Madison,
WI, USA). The PCR product was used as template for
sequencing in both directions with the Big Dye
Sequencing Kit and primers GS01 and GS03a. The Big
Dye Sequencing Kit protocol was followed to set up the
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sequencing reactions except that 5-times the normal
primer concentration was included in reactions. The
sequenced region was then used to design nested
primer sets for subsequent 5′- and 3′-rapid amplifica-
tion of cDNA ends (RACE) reactions (Frohman et al.
1988).

RACE is a procedure for the amplification of DNA
sequences from a messenger RNA (mRNA) template
using primer sequences based on a defined internal site
and either the natural mRNA poly A tail (3′-RACE) or
homopolymeric tails added to the first strand cDNA 
(5′-RACE). RACE reactions were done using the Gibco-
BRL 5′RACE System and 3′ RACE System kits and 
protocols (Life Technologies, Rockville, MD, USA). The
5′-RACE primer used in first-strand synthesis was
5RACE99, and the nested primer used in subsequent
PCR reactions was 5RACE78 (Table 1). The initial and
nested gene-specific PCR primers used for the 3′-RACE
were 3RACE318 and 3RACE348, respectively. RACE
reaction products were isolated and sequenced as pre-
viously described.

A GS cDNA sequence contig was generated with
SEQUENCHER (version 3.1.1; Gene Codes Corp., Ann Arbor,
MI, USA), and the translated amino acid sequence was
included within a data set of GS amino acid sequences
available from GenBank (Table 2). The amino acid
sequences were initially aligned using CLUSTAL W

(Thompson et al. 1994) and subsequently adjusted by
eye in the program SEQ PUP (Gilbert 1992). This align-
ment is available as a nexus format file at
http://snorkel.cmsr.uncwil.edu/pictures/people/wilson/g
salign. Characteristics of the G. crinale GS amino acid
sequence were determined using MacDNasis (Hitachi
Software Engineering Company Ltd, Yokohama, Japan),
and phylogenetic analyses were performed using PAUP

(version 40b8; Swofford 2001). Sites coded as gaps
were treated as missing in parsimony analyses. Parsi-
mony trees were generated from heuristic searches of
1000 random sequence additions, using the MULPARS

and STEEPEST DESCENT options with the tree bisection
reconnection (TBR) branch-swapping algorithm. Parsi-
mony bootstrap analyses consisted of 1000 replications
of simple sequence addition, MULPARS, STEEPEST

DESCENT, and TBR branch-swapping. Distance trees
were generated from a simple matching mean distance
matrix with the neighbor-joining tree-building algo-
rithm. Distance bootstrap values were calculated from
1000 replications of neighbor-joining tree-building.

In order to determine if introns are present within
the gene coding for G. crinale GSII, amplification and
sequencing primers were designed based on the 
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Table 1. Primers used for RT-PCR, RACE and genomic DNA amplification and sequencing reactions. Primer position numbers are based

on the location of their 5′ end on the sense strand.

Name Primer sequence Position

RT-PCR
GO1 5′-CCY ITA RTG GAA YTA YGA YGG-3′ 107
GO3a 5′-CCI GCI CCT TTC CAR TC-3′ 775

RACE
5RACE99 5′-CAC CAT TTG GAG TAT AAG TAT C-3′ 333
5RACE78 5′-GTA TCA CAC ATA ACA AGA AGA TTT GG-3′ 312
3RACE318 5′-GGT AGA GAT ATT GCT GAT GCA C-3′ 552
3RACE348 5′-GCT TGT GTA TAT GCA GGT ATT-3′ 582

Genomic
F-36 5′-TCA GAT TCG TAC ATC CAC T-3′ –36 of 5′UTR
F28 5′-AGT CTC AAC GTA GAT GAA GGA-3′ 28
F387 5′-GAA CGT ATT ATG AAT CAA GCA-3′ 387
R778 5′-TGA CAA CCA GAA CCA TTC CA-3′ 778
R + 43 5′-GGT AGA GAA GAA TCC TCA AGT-3′ +43 of 3′UTR

F, forward primer; R, reverse primer.

Table 2. Species and glutamine synthetase (GS) protein

sequence accession numbers for aligned GS sequences used for

phylogenetic analyses and to develop RT-PCR primers. Where

both forms were included, accession numbers for cytosolic and

chloroplast isoenzymes are given, respectively.

Species Accession number

Streptomyces hygroscopicus AAA26749
Streptomyces viridochromogenes CAA37028
Frankia sp. AJKXQ
Bradyrhizobium japonicum AJZJQ2
Rhizobium meliloti P45626
Saccharomyces cerevisiae S61058
Glomerella cingulata AAB00322
Agaricus bisporus CAA73235
Schizophyllum commune AAF27660
Panulirus argus JN0716
Paracentrotus lividus JC4027
Opsanus beta AAD34720
Cricetulus griseus AAG43362
Pisum sativum AAA33669, AAA33653
Arabidopsis thaliana S18601, AAB20558
Oryza sativa CAA32461, CAA32462
Pinus sylvestris CAA52448
Chlamydomonas reinhardtii AAB01817, AAB01818
Dunaliella tertiolecta AAC77379
Skeletonema costatum AAC77446
Gelidium crinale AY034067



previously determined cDNA sequence (Table 1). DNA
fragment amplifications were performed using HotStar
Taq DNA polymerase following the manufacturer’s pro-
tocol and genomic DNA extracted as described in
Freshwater and Rueness (1994). Amplification prod-
ucts were cleaned, sequenced and sequences assem-
bled as previously described.

Despite the importance of GS as a primary biologi-
cal catalyst, eukaryotic GS genes have been predomi-
nantly characterized from only animals and vascular
plants. In this study, a cDNA coding for GSII was char-
acterized from the red alga G. crinale.

Sequence analysis of the GSII cDNA indicated a
total transcript length of 1231 bp (Fig. 1). The tran-
script included a 63-bp 5′ untranslated region (UTR),
an open reading frame (ORF) of 1056 bp, and a 112-
bp 3′ UTR. The normal polyadenylation signal, AATAAA
(Hunt 1994), is located 20 bp upstream from the poly
A tail. The G + C contents of the 5′ UTR, ORF and 3′
UTR were 30%, 34% and 27%, respectively. The G + C
contents showed considerable variation between the
first, second and third codon positions within the ORF,
and were 52%, 39%, and 8%, respectively. The 1056-
bp ORF encodes a 352 amino acid polypeptide with a
predicted molecular weight of 39 kDa.

The PCR reactions utilizing G. crinale genomic DNA,
and various combinations of forward and reverse primer
pairs resulted in a single amplification product per
reaction. The DNA sequence of the amplified gene was
identical to that for the GSII cDNA and contained no
introns. Studies of nuclear-encoded protein genes in
red algae have generally revealed the presence of short
introns near the 5′ ends (e.g. Zhou and Ragan 1994,
1995; Bouget et al. 1995), and the presence of these
short 5′ splicesomal introns has been suggested as a
characteristic feature of nuclear protein-coding genes
(Liaud et al. 1995). Within eukaryotic GSII genes,
intron presence or absence is variable. Although absent
in G. crinale and the diatom S. costatum (Robertson
et al. 1999), introns are common in mammalian GS
genes (e.g. Gaunitz et al. 1997).

In order to determine the relationship of the 
G. crinale GSII with those from other organisms, an
alignment of 25 amino acid sequences from 21 taxa
was constructed. The GSII holoenzyme is composed of
eight subunits and the active sites are formed at the
subunit interfaces (Eisenberg et al. 1987). Four seg-
ments of GSII sequences are predicted to be involved
in active site formation, based on the conservation of
these residues with those for the GSI active site (Eisen-
berg et al. 1987). The predicted active site residues
were conserved in the GSII alignment with a minimum
pairwise similarity of 52%; the majority of pairwise 
similarities were greater than 70% for these regions.

Multiple GSII isoenzymes are present in eukaryotes,
and those targeted to plastids or mitochondria can gen-
erally be identified by the presence of N-terminal

plastid or mitochondrial signal sequences (e.g. Robert-
son et al. 1999; Walsh et al. 1999). The absence of
any signal sequence in the G. crinale GS characterized
here suggests that it codes for a cytosolic isoenzyme.

The alignment of 25 GSII amino acid sequences
from 21 taxa included 475 sites. The total length of the
individual amino acid sequences ranged from 329 to
430 residues. The first 76 and last 30 sites of the
alignment were excluded from phylogenetic analyses
because of the difficulty in determining site homology
between some sequences and the presence of chloro-
plast transit signal sequences in others. The resulting
data matrix contained 243 parsimony informative sites.
Parsimony analyses yielded a single tree of 1697 steps
and a consistency index of 0.637 (Fig. 2). The distance
analysis resulted in a tree that differed from the parsi-
mony tree only in the position of branches that received
little or no bootstrap support using either method of
analysis.

The position of the G. crinale GSII sequence and
that of the chlorophycean algae cytosolic isoenzymes is
equivocal in the phylogenetic trees. Although their
sister relationship in the parsimony tree supports the
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Fig. 1. DNA nucleotide and amino acid sequence of GSII from

Gelidium crinale. Nucleotides of the open reading frame (ORF)

are shown uppercase, and those of the 5′ and 3′ untranslated

regions (UTR) are shown in lowercase. Amino acid residues pre-

dicted to form the active site are boxed. The polyadenylation

signal within the 3′ UTR is underlined.



assertion of Ragan and Gutell (1995) that red and
green algae are closely related, this relationship is not
present in the distance tree and received no bootstrap
support in either parsimony or distance analyses. The
position of the chloroplast isoenzyme sequence for the
diatom S. costatum receives very weak or no support.
The chloroplast isoenzyme from C. reinhardtii is within
a strongly supported monophyletic clade that contains
the prokaryotic GSII sequences. Multiple origins for the
chloroplast and cytosolic isoenzymes in eukaryotes are
indicated by their varied positions in these taxon-
limited trees. Within higher plants, an evolutionarily
recent duplication event before the divergence of
angiosperms and gymnosperms has occurred. In con-
trast, the chloroplast and cytosolic isoenzymes of GSII
in C. reinhardtii diverged before the separation of the
Chlorophyta from other eukaryotes. Additional GSII

sequences from a variety of eukaryotic taxa are needed
in order to better understand the evolutionary pathway
of GSII.
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