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Abstract. Tissue-specific isozymes ofglutamine syn- 
thetase are present in elasmobranchs. A larger isozyme 
occurs in tissues in which the enzyme is localized in mi- 
tochondria (liver, kidney) whereas a smaller form occurs 
in tissues in which it is cytosolic (brain, spleen, etc.). 
The nucleot ide  sequence of  spiny dogfish shark 
(Squalus acanthias) liver glutamine synthetase mRNA, 
derived from its cDNA, shows there are two in-frame 
initiation codons (AUG) at the N-terminus which will 
account for the size differences between the two 
isozymes. Initiation at the up-stream and down-stream 
sites would yield peptides of 45,406 and 41,869 tool. 
wts. representing the precursor of the mitochondrial 
isozyme and the cytosolic isozyme, respectively. The 
additional N-terminal 29 amino acids present in the mi- 
tochondrial isozyme precursor contains two putative 
cleavage sites based on the Arg-X-(Phe,Ile,Leu) motif. 
The predicted two-step processing would remove 14 of 
the 29 N-terminal amino acids. These 14 amino acids 
can be predicted to form a very strong amphipathic mi- 
tochondrial targeting signal. Their removal would yield 
a mature peptide of 43,680 mol. wt. The calculated 
mol. wts. based on the derived amino acid sequence are 
therefore in good agreement with previous estimates of 
an approximately 1.5-2-kDa difference between the 
MrS of the mitochondrial and cytosolic isozymes. A 
model for the evolution of the mitochondrial targeting 
of glutamine synthetase in vertebrates is proposed. 
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Introduction 

Based on size differences, glutamine synthetase (EC 
6.3.1.2) occurs as tissue-specific isozymes in elasmo- 
branchs and certain other cartilagenous fish (Ritter et al. 
1987; Smith et al. 1987). These size differences corre- 
spond to the metabol ic  compar tmenta t ion  of the 
isozymes. The larger isozyme is mitochondrial in liver 
and kidney tissues. In liver, glutamine synthetase is the 
primary ammonia-fixing/detoxifying enzyme in the mi- 
tochondrial matrix. Glutamine formed by its action is 
utilized by carbamoylphosphate synthetase-II1, the first 
enzyme in the modified urea cycle present in elasmo- 
branch liver which functions to provide urea for osmotic 
purposes (Casey and Anderson 1982; Anderson 1991 ; 
Campbell and Anderson 1991). The larger isozyme 
functions for glutamine synthesis in kidney mitochon- 
dria in a substrate cycle between glutamate and gluta- 
mine which may be involved in the regulation of am- 
moniagenesis (King and Goldstein 1983). In spleen, 
the smaller cytosolic isozyme is thought to function in 
pyrimidine biosynthesis by providing glutamine for car- 
bamoylphosphate synthetase-II, the first enzyme in the 
pyrimidine biosynthetic pathway (Anderson 1989). The 
smaller isozyme is also present in brain, retina, heart, 
gill, and rectal gland (Smith et al. 1987) and presumably 
also functions in a biosynthetic capacity in these tissues. 

Most compartmental isozymes are encoded by sep- 
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arate genes  wh ich  conta in  the d i f ferent ia l  ta rget ing  in- 

fo rmat ion .  E x a m p l e s  o f  m i t o c h o n d r i a l  and cy toso l i c  

i sozymes  inc lude  aspartate  amino t rans fe rase  (Juret ic  et 

al. 1990), mala te  dehyd rogenase  (Joh et al. 1987), and 

p h o s p h o e n o l p y r u v a t e  ca rboxyk inase  (Hod  et al. 1982). 

The  cy toso l ic  and mi tochondr ia l  i sozymes  o f  g lu tamine  

synthetase  are also coded  for by separa te  genes  in the 

frui t  f ly Drosophila melanogaster (Caizz i  et al. 1990). 

M a m m a l i a n  g lu tamine  synthetase,  wh ich  is cy toso l ic  in 

all t issues examined ,  is coded  for  by a s ingle  gene  (Kuo  

and Darne l l  1989). A s ingle  gene  also encodes  av ian  

g l u t a m i n e  s y n t h e t a s e  (Pa t e junas  and Y o u n g  1987),  

wh ich  occurs  in both mi tochondr i a l  and cy toso l ic  com-  

par tments  in a t i s sue-spec i f ic  m a n n e r  (Campbe l l  and 

Smi th  1992). The  c o m p a r t m e n t a l  i s o z y m e s  o f  gluta-  

mine  synthetase  in the st ingray Dasyatis sabina also ap- 

pear  to be coded for by a single gene.  (See Campbel l  and 

A n d e r s o n  1991.) A s ingle  gene  has there fore  pers i s ted  

into the ver tebra te  l ine  o f  descen t  and the s imi la r i ty  in 

s equence  b e t w e e n  the Drosophila cy toso l i c  i s o z y m e  

and v e r t e b r a t e  g l u t a m i n e  s y n t h e t a s e s  sugges t s  they  

shared a c o m m o n  ances t ry  (Peso le  et al. 1991; K u m a -  

da et al. 1993). 

W h e t h e r  encoded  by two genes  or  one,  cy toso l ic  and 

mi tochondr ia l  i sozymes  are usual ly  genera ted  f rom two 

t rans la t ion products ,  one  o f  wh ich  conta ins  the mi to -  

chondr ia l  ta rge t ing  in format ion .  W h e n  a s ingle  gene  

encodes  both  compa r tmen ta l  i sozymes ,  the t rans la t ion 

products  may  arise f rom separate  m R N A s  genera ted  by 

different ial  t ranscript ion (e.g., Tropschug  et al. 1988) or, 

in at least  one  instance,  by d i f fe ren t ia l  t ransla t ion o f  a 

s ingle  m R N A  (Suzuki  et al. 1992). W e  show here  that  

the g l u t a m i n e  syn the t a se  g e n e  in the  sp iny  d o g f i s h  

Squalus acanthias e n c o d e s  t w o  i n - f r a m e  i n i t i a t i o n  

codons  at the N- te rminus ,  sugges t ing  that the cy toso l ic  

and mi tochondr ia l  i sozymes  o f  e l a smobranch  g lu tamine  

syn the tases  cou ld  ar ise  by e i ther  o f  the two m e c h a -  

nisms.  W e  have  also iden t i f ied  puta t ive  c l eavage  sites 

in the N- t e rmina l  mi tochondr i a l  ta rget ing  s ignal  that  

wi l l  account  for  the M r d i f fe rences  p r ev ious ly  repor ted  

for the two  i s o z y m e s  in e l a smobranchs .  

Materials  and Methods  

Materials. Sharks (Squalus acanthias) were collected from the waters 
off Mt. Desert Island, ME. Liver tissue was "snap frozen" in liquid 
nitrogen and placed on solid carbon dioxide for shipping. Long-term 
storage was at -85  ° C. A shark liver cDNA library, constructed in 
XZAP II vector, was obtained from Drs. Wilmar L. Salo and Paul M. 
Anderson, University of Minnesota, Duluth. 

Restriction enzymes, T4 DNA ligase, and DNA polymease I 
(Klenow fragment) were from New England Biolabs or BRL; Am- 
pliTaq DNA polymerase and PCR reagents, from Perkin Elmer-Ce- 
tus; PCR and sequencing primers, from Oligo Etc., Inc.; and [35S]- and 
[32p]dATP, from Amersham. Sequencing reactions were carried out 
with USB's Sequenase 2.0 using BioRad's Sequi-Gen sequencing cell. 

Methods. A shark-specific probe for screening the shark cDNA li- 
brary was prepared from shark liver glutamine synthetase (GS) 
mRNA using the polymerase chain reaction (PCR). For this, total 
RNA was isolated from liver tissue using guanidine isothiocyanate fol- 
lowed by cesium chloride gradient centrifugation (Chirgwin et al. 
1979). Poly (A+) mRNA was isolated from the total RNA with oli- 
go-dT chromatography (Aviv and Leder 1972). This mRNA was used 
as a template for first-strand cDNA synthesis using Pharmacia's kit. 
An aliquot of the resulting mRNA-cDNA mixture was then used as 
the template for the PCR. Degenerate oligomeric primers to the high- 
ly conserved regions of avian and mammalian GSs were used for the 
PCR. The "sense" primer started at TrP61 of the shark sequence (TrP32 
of the avian and mammalian enzymes) and encoded the sequence Trp- 
Ile-Asp-Gly-Thr-Gly. It contained a BamHI site and CG "clamp" at 
the 5'. The sequence was CGG GGATCC TGG ATX GA(CT) GGX 
ACX GG where X is inosine and parentheses indicate the bases used. 
The "antisense" primer started at ASP368 (ASP339 of the avian and 
mammalian enzymes) and encoded the sequence Lys-Gly-Tyr-Phe- 
Glu-Asp. It contained an EcoRI site at the 5' with a GG "clamp." The 
sequence was GG GAATTC (AG)T (CT)TC (AG)TA XCC (CT)TT. 
These primers flanked a 890-bp region and included the ATP-bind- 
ing region (Kim and Rhee 1988). 

Conditions used for the PCR were modified from Friedman et al. 
(1988): denaturation at 94 ° C for 3 rain followed by 30 cycles of de- 
naturation at 94 ° C for 1 rain, annealing at 50 ° C for 30 s, and elon- 
gation at 72 ° C for 30 s. A final elongation was carried out at 72 ° C 
for 10 rain. The PCR product was reamplified, purified using the 
GeneClean kit (Biol01), and digested with BamHI and EeoRI. This 
led to the removal of 177 bp from the N-terminus corresponding to 
amino acids TrP6 j to Argl20 due to an internal BamHI site in the PCR 
product. The purified product was then ligated to pBluescript KS vec- 
tor previously digested with BarnHI and EcoRI. The resulting plas- 
mid reacted with both full-length chicken (Campbell and Smith 1992) 
and rat (Mill et al. 1991) GS cDNA clones during Southern blotting 
and was used to transform competent E. coli XL-I Blue cells. Trans- 
formants were screened for the presence of the PCR product. A pos- 
itive transformant shown by sequencing to have the PCR insert was 
used to produce bulk amounts of the probe. This probe was radiola- 
beled and used to screen the ~,ZAP II shark cDNA library. Approxi- 
mately 15,000 plaques were screened. 

Six positive clones were initially identified using the shark-spe- 
cific probe. Five of these tested positive through tertiary screening. 
Partial sequence data were obtained for all clones and one, designat- 
ed pSGS6, appeared to encode the complete GS peptide. This clone 
was fully sequenced by the chain-termination method (Sanger et al. 
1977). T3 and T7 primers were used initially and, as sequence infor- 
mation became available, specific synthetic primers were used. Both 
strands were sequenced. 

Software. Routine manipulations of sequence data were with the 
MacVector program sold by IBI and the U. Wisconsin GCG program. 
The program Wheel, used for helical wheel projections, was provid- 
ed by Mr. Martin Jones and Dr. Jere P. Segrest, U. Alabama (Segrest 
et al. 1990). The program PAUP was used for phylogenetic tree con- 
struction (Swofford 1993). 

Results and Discussion 

Derived Amino Acid Sequence of pSGS6 

The  nuc leo t ide  and de r ived  amino  acid  sequences  o f  

shark l iver  c lone  p S G S 6  are shown in Fig, 1. This  c lone  

conta ins  one  open reading f rame coded  for by 1,212 nu- 
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•TGTCAACAAGATTTTCATTCAGTAGCCCTTTCCAGCACAGCCCCTATCAAGGAAcTTTACAGTCTATTTTTGGTGGAGG 

ATG CGG ATC TGT CGC AGT TTC CTG TTT CTG GTA AAA AAA TGC GGC AAT ATC ACG CCG ACG 
M R I C R S F L F L V K K C G N I T P T 20 

ATT TGG CGG AAT CAA CAT ACT TAC AAG ATG GCC ACG TCA GCC AGC GCC AAT CTC AGC AAA 
I W R N Q H T Y K M A T S A S A N L S K 40 

ATC GTC AAG AAG AAT TAC ATG GAG CTG CCC CAA GAT GGC AAG GTG CAA GCG ATG TAC ATC 
I V K K N Y M E L P Q D G K V Q A M Y I 60 

TGG ATA GAC GGC ACA GGG GAG GCC GTC CGC TGC AAG ACC AGA ACC TTG GAC AAT GAG CCC 
W I D G T G E A V R C K T R T L D N E P 80 

AAG AGC ATT GCC GAA CTC CCA GAA TGG AAC TTC GAT GGC TCA AGT ACG TAT CAG TCA GAG 
K S I A E L P E W N F D G S S T Y Q S E i00 

GGG TCC AAC AGC GAC ATG TAC CTG GTT CCA TCT GCC ATG TTC CGG GAT CCT TTC CGT AGG 
G S N S D M Y L V P S A M F R D P F R R 120 

GAT CCA AAC A~G CTC GTC CTC TGT GAG GTC CTC AAG TAT AAC AGG AAG CCA GCA GAA TCT 
D P N K L V L C E V L K Y N R K P A E S 140 

AAT CTT AGA CAC TCA TGC CAG AAA ATC ATG TCC ATG ATC GCA AAT GAA TAT CCA TGG TTT 
N L R H S C Q K I M S M I A N E Y P W F 160 

GGA ATG GAA CAA GAG TAC ACT TTG CTG GGA ACG GAC GGT CAT CCC TTT GGA TGG CCT TCC 
G M E Q E Y T L L G T D G H P F G W P S 180 

AAT TGC TTT CCT GGA CCA CAA GGG CCC TAT TAC TGT GGA GTT GGT GCA GAC AAA GCT TAC 
N C F P G P Q G P Y Y C G V G A D K A Y 200 

GGC AGA GAT ATT GTC GAG GCT CAC TAC CGG GCG TGT CTG TAT GCT GGA ATT GAA CTC AGT 
G R D I V E A H Y R A C L Y A G I E L S 220 

GGA ACC AAT GCT GAA GTT ATG GCT GCT CAG TGG GAA TAC CAA GTT GGA CCT TGT GAA GGT 
G T N A E V M A A Q W E Y Q V G P C E G 240 

ATC CAG ATG GGT GAC CAC TTG TGG ATT TCC AGG TTT ATT CTG CAC AGG GTG TGC GAG GAC 
I Q M G D H L W I S R F I L H R V C E D 260 

TTC GGT ATC ATT GCT AGC TTT GAC CCT AAG CCC ATT CCT GGC AAC TGG AAT GGT GCT GGG 
F G I I A S F D P K P I P G N W N G A G 280 

TGC CAC ACT AAC TTT AGC ACC AAA GCC ATG CGG GAT GAT GGA GGG TTG AAG TAC ATT GAA 
C H T N F S T K A M R D D G G L K Y I E 300 

GAC TCA ATT GAA AAA CTG GGC AAG AGG CAT CAG TAC CAC ATT CGT GCC TAT GAT CCT AAA 
D S I E K L G K R H Q Y H I R A Y D P K 320 

GGA GGG TTG GAC AAT GCT AGA GCT TTG ACA GGC CAC CAT GAA ACC TCA AAT ATC AAT GAG 
G G L D N A R R L T G H H E T S N I N E 340 

TTC TCA GCT GGT GTT GCC AAT AGA GGA GCC AGC ATC CGA ATC CCT CGA TCC GTT GGC CAG 
F S A G V A N R G A S I R I P R S V G Q 360 

GAC AAG AAA GGC TAC TTT GAA GAC CGC CGT CCA TCT GCT AAT TGT GAC CCT TAT GCA GTC 
D K K G Y F E D R R P S A N C D P Y A V 380 

ACA GAA GCA TTG GTC CGC ACA TGC CTA TTG GAT GAG TCT GGG GAC AAG CCT ATT GAG TAC 
T E A L V R T C L L D E S G D K P I E Y 400 

AAC AAA AAT TAA GCAAAATAATGCACTAATGGACCTGGCATTTGTAAGCAGTGATAGCTGTTGAAATGTGGGACC 
N K N * 

TTTGGGTCTCTACTCTACTCCTATACTGTACAGGTGCTAAAGGGGGAGGGTCAGAAGGGTTTTATTTGTATTTCAG/~C 
CTAATTTCTTCTGTTGTTATCTGGAAGGTGAGGAATGAGGCTTGCGATAGGACAACAAAACTGTTCTCTTATTTAGAAC 
AGTTAATAACTCTTCAAGTTGACTGGTCAACTTCACATGGACACTAACCTGTAATTTAATGCAGTCAACATTGATATTA 
AAGCAGGGCTTTTGTTTTTTTATTAAATACAGCATTAATATTATGGTCAAGTGACATCTCATCTTACTAAAAAGCTTCT 
TGGATCTGTACTGATGCACAAATTACTAATACTGTAAACTGCACAATTTTTTCGTAACTTTTAACTAGTTTACATTTTC 
AGATCAATTTTTTTGCAGTGCTGGGAGAAATGTTCTGTAAATGGCTGGTCTAGCACCAGGGAAAAAAGCTTGTGACTTC 
TTGTTGGGACTGCATACTAGTCCCATACATTAAATTGCTTCAGAACACTGCATGTGTTAACCCACTTAAATGGGAACTA 
GGATACGTAAGATCACAAAATTGGCATACTGCATTCCTGTACAATAATTTTAACTTTGTTATAGTCTTGACCCACCTAA 
TGTTAGTGCTCCTGTCCAATTGCTATAGGGTCCAAGGGCACTGGATTCTTCCAGCTTTCTTAAATTATGCCTTTGTTCA 
TTGTACACTTACTTTAATGACTCTCATGGGACTTGTCCTAAAGATCAAAAATGCTCAGCTAATCTCTAGTTTTACAAA 
CATTTGTAAAATCTGAGCTGTGCCACTATAACTGGCTGTGCATTCTAATTTTTTGGGGGTCGGGGGGGGGGGGGGGAAG 
AAGTGGGTTGATGAGCAATATGCGACTGGTCCTTCCTGCAGTGAGTTACTGTTCACTTGTCACTTGACCTTTTTTAAAC 
TATTTTAAGGCATTACAGGGAAAAGTTCAGTTGTAAAAATTTGTTTCCATGTTTTATTATTTCTGTAGTCCCTGCCTAG 
GTACACTAACTGGGATTAGCTCCTCCCAGTGCTACATTTTTGTGCAACAGTTTCTGAAGCATGCTGTAAGCATTGATGT 
ATTTTACCGTATTTTGATGGTACAGATTTGTTTCGGGGTTCAACTTTGCTGTAGGTTTTTTAATTAAGGAAAAACAAAT 
AGAACTTTTTTTAAATTGCTGTCTCACTGTCTTGTATTTTGAATTGTCATTGCTAAAATTGAGTAAAGTAGTTTTTAAT 
CAATTGCTTTCGTATGAAACAAATCTGCAGTACACATGCTGGTTGAGTGTTCCAAGCTGTTGGAAGTTTGTGTCTATGT 
GCCCACATGATGCCTCGACGCTATCGAGGCAAACCTATACGTAAAAGGGTCATGTG 

Fig. 1. Nucleotide sequence of shark liver glutamine synthetase cDNA done  pSGS6 and its 
at right refer to amino acids. 

corresponding amino acid sequence. Numbers 
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cleotides plus 80 of the 5'- and 1,462 of the 3'-flanking 
nucleotides to total 2,754 nucleotides. This is within the 
size range of 2.8-3.2 kb for most vertebrate GS mRNAs 
(Smith and Campbell 1988). However, spiny dogfish 
shark GS mRNA was previously shown by Northern 
blotting to be an exception at around 4.3 kb (Smith et 
al. 1987). Based on the latter value, pSGS6 would thus 
appear to have only 60-65% of the total GS mRNA nu- 
cleotides even though it contains the complete coding 
sequence. 

The open reading frame of pSGS6 encodes 403 
amino acids and one termination codon. This is 30 
amino acids longer than other vertebrate GSs. Twenty- 
nine of these additional amino acids are at the N-ter- 
minus and presumably contain the mitochondrial tar- 
geting signal. (See below.) One additional amino acid 
(Asn4o~) is at the C-terminus. There are two in-frame 
initiation codons at the N-terminus which are presum- 
ably responsible for the differential targeting informa- 
tion in the mRNAs of the shark GS mitochondrial and 
cytosolic isozymes. The upstream codon has a single 
Kozak consensus nucleotide at the initiation site (A at 
- 3 )  whereas the downstream start codon has two (A at 
- 3  and C at - 4 )  (Kozak 1984). Initiation at the former 
would give rise to mitochondrial preGS (preGS is the 
designation used for GS mRNA translation product) 
and, at the latter, to cytosolic GS. 

Evolution of Animal GSs 

The GS gene is considered to be one of the oldest func- 
tioning genes (Kumada et al. 1993) and the primary 
structure of GS encoded by it has been highly con- 
served throughout eukaryote evolution. This is espe- 
cially true for the vertebrate enzymes. For example, 
avian GS shows 87-90% sequence identity with the 
mammalian enzymes even though their respective lines 
of descent diverged some 300 myr ago (Benton 1990). 
This marked conservation of vertebrate GSs is further 
emphasized by the shark enzyme. There is an 82% se- 
quence identity between it and the mammalian enzyme 
and 83% between it and the chicken enzyme. The se- 
quence similarity (includes conservative replacements) 
between the shark and the mammalian and avian en- 
zymes  is around 91%. The ident i ty  be tween  the 
Drosophila cytosolic isozyme which may have shared 
a common ancestor with the vertebrate peptide is 60% 
(similarity of 74%) despite a divergence of over 500 myr 
of their ancestral lines (Pesole et al. 1991; Benton 1990). 
A phylogenetic tree for the known animal GSs is shown 
in Fig. 2. As can be seen in this figure, the two verte- 
brate mitochondrial GSs (shark and chicken) and the cy- 
tosolic mammalian ancestral GS each arose indepen- 
dently from an ancestral GS sharing a common ancestor 
with the fly cytosolic isozyme. 

68 

70 

~ hamster mouse 

juam~n 
22 chicken 

42 shark 

fly(cyto) 

fly(mito) 

Fig. 2. Phylogenetic tree for animal glutamine synthetases based 
on 358 amino acid residues common to all peptides. "Bootstrap" 
analysis of 200 replicates was performed using the PAUP program 
(Swofford 1993). The Drosophila mitochondrial peptide was used as 
the outgroup. Numbers indicate branch lengths. Amino acid sequences 
used are referenced in Campbell and Smith (1992). 

Cleavage Site Identification in Mitochondrial preGS 

Shark liver mitochondrial preGS is larger than the ma- 
ture form which is in turn larger than the cytosolic 
isozyme (Smith et al. 1987). Cleavage sites for the pep- 
tidase system that removes the mitochondrial targeting 
signal during import must therefore reside within the ad- 
ditional 29 N-terminal amino acids. An examination of 
several mitochondrial targeting-signal cleavage sites 
has revealed certain conserved motifs (Hendrix et al. 
1989; von Heijne et al. 1989; Gavel and yon Heijne 
1990). One of these, a Arg-X-(Phe,Ile,Leu) motif in 
which Arg is at the - 1 0  position relative to the final 
cleavage site is especially common in prepeptides that 
undergo two-step cleavage (Hendrix et al. 1989). The 
first cleavage between the - 9  and - 8  sites results in an 
octapeptidyl sequence essential for recognition by the 
second processing peptidase which then cleaves be- 
tween the - 1  and + 1 site to yield the mature peptide 
(Isaya et al. 1992). As can be seen in Fig. 3, an Arg-X- 
(Phe, Ile,Leu) is present at the N-terminus of shark liv- 
er preGS. With this motif, the first cleavage would oc- 
cur between - 9  Ser and - 8  Phe. A second cleavage 
would then be predicted between - 1 Cys and + 1 Gly. 
Preliminary attempts to obtain direct sequence data at 
the N-terminus indicated the mature mitochondrial pep- 
tide is blocked. While blocking of N-terminal Gly 
residues is rare, it does occur (Driessen et al. 1985). The 
shark motif differs from the consensus motif in that a 
hydrophobic amino acid (Leu) is present at the - 5  po- 
sition. Ser is most commonly found at this position 
(Isaya et al. 1992) although Gly and Thr may also be 
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MATSASSHLSKAI KHMYMKLP chicken 

Fig. 3. N-terminal amino acid sequences of animal mitochondrial glutamine synthetases. Arrows indicate potential cleavage sites for the shark 
and fly peptides which contain a presequence. The amino acids thought to be responsible for the targeting function of the mature chicken pep- 
tide are indicated by *. The sequence corresponding to the N-termini of avian and mammalian glutamine synthetases is underlined for the shark 
enzyme. 

present (Hendrix et al. 1989). Arg is common at the - 2  
position of many cleavage sites. Lys occurs at this po- 
sition as well as the - 3  position of the second putative 
cleavage site in shark liver preGS, suggesting the re- 
sulting positively charged field substitutes for Arg in 
peptidase recognition. 

The open reading frame of pSGS6 encodes a peptide 
of calculated mol. wt. 45,406, which is taken to repre- 
sent the mitochondrial precursor peptide. Two-step pro- 
cessing of this precursor based on the Arg-X-(Phe,Ile, 
Leu) motif would yield a peptide of calculated mol. wt. 
43,680 with an estimated pI of 6.29. As indicated above, 
initiation of transcription/translation at the downstream 
start site encoded by pSGS6 would yield a peptide of 
calculated mol. wt. 41,869 and estimated pI of 5.94, 
which is presumably the cytosolic isozyme. We had 
previously estimated differences of 3 kDa between the 
Mrs of mitochondrial preGS and the mature isozyme and 
of 2 kDa between the mature mitochondrial and cy- 
tosolic isozymes using SDS-PAGE (Smith et al. 1987). 
The more alkaline pl of the shark mitochondrial isozyme 
is in keeping with what has been observed for most 
other mitochondrial and cytosolic isozymes (Hartmann 
et al. 1991). 

Drosophila preGS is the only other animal preGS 
which has a putative N-terminal mitochondrial target- 
ing signal (Caizzi et al. 1990). Again, as in the shark, 
the mature mitochondrial isozyme is larger than the cy- 
tosolic isozyme so the cleavage site(s) must reside with- 
in the additional N-terminal amino acids encoded by the 
Drosophila mitochondrial GS gene. An apparent dif- 
ference of 2 kDa between the Mrs of Drosophila mito- 
chondrial preGS and the mature isozyme has been re- 
ported (Caizzi et al. 1990). There is only one sequence 
resembling the Arg-X-(Phe,Ile,Leu) in Drosophila 
preGS. This is the Arg23Leu24Leu25 sequence. Howev- 
er, two-step processing based on this motif would yield 
a peptide similar in size to that of the cytosolic isozyme. 
One of the most common motifs for one-step process- 
ing of mitochondrial targeting signals is Arg at - 2  
(Hendrix et al. 1989). Cleavage at either of the - 2  Arg 
sites indicated in Fig. 3 for Drosophila preGS would 

yield mature peptides with calculated tool. wts. equiv- 
alent to 2.7-3 kDa less than that of the precursor and 
larger than that of the cytosolic isozyme. This is with- 
in reasonable agreement with the 2-kDa difference be- 
tween the two isozymes estimated by SDS-PAGE by 
Caizzi et al. (1990). 

preGS Mitochondrial Targeting Signals and 
Their Evolution 

Mitochondrial targeting signals typically have high ba- 
sic and hydroxy amino acid contents, are generally lack- 
ing acidic amino acids and proline (Lemire et al. 1989), 
and are capable of forming amphipathic helices (von 
Heijne 1986; Roise et al. 1988). This amphipathic he- 
lix may initially insert into mitochondrial membranes 
and interact with acidic phospholipids (Swanson and 
Roise 1992; Maduke and Roise 1993). The cardiolipins 
are especially known to have a high affinity for proteins 
(Schlame et al. 1991). Following this initial interac- 
tion, there is subsequent association with the protein- 
aceous import machinery (Kiebler et al. 1990) for 
translocation into the matrix. 

As can be seen in Fig. 3, the putative shark mito- 
chondrial targeting signal, consisting of the initial 14 N- 
terminal amino acids, is somewhat atypical in having but 
a single hydroxy amino acid, Ser 6. However, no acidic 
amino acid or proline is present in this sequence. The 
Drosophila targeting signal is quite anomalous in con- 
taining both a proline, PrOl7, and an acidic amino acid, 
Glua3. Helical wheel projections of the shark's first 15 
amino acids are shown in Fig. 4 and, as can be seen, 
these amino acids form very strong amphipathic he- 
lices with a hydrophobic moment of around 0.54/resi- 
due. The first seven N-terminal amino acids, which 
contain the first putative cleavage site, form an espe- 
cially strong amphipathic helix of hydrophobic moment 
0.80/residue (Segrest et al. 1990). 

The other known animal mitochondrial isozymes of 
GS, those of chicken and alligator liver tissues, are syn- 
thesized without N-terminal transient targeting se- 
quences (Smith and Campbell 1983, 1987). By com- 



98 

B 

Fig. 4. Helical wheel projections of the N-terminal amino acids of shark preglutamine synthetase. A, amino acids 1-15 and B, 1-7. Projec- 
tions are with the Wheel program (Segrest et al. 1990). The hydrophobic moment/residue for A is 0.544 and for B, 0.779 

paring the N-terminus of chicken mitochondrial GS 
with the N-termini of the four known cytosolic mam- 
malian enzymes, four amino acid replacements have 
been identified as possibly having been critical in the 
conversion of this region to a mitochondrial targeting 
signal during vertebrate evolution: these were Serl0, 
Ala12, His15, and Lys19 (Fig. 3; Campbell and Smith 
1992). It has now been shown experimentally that the 
N-terminus of at least one other "leaderless" peptide can 
indeed function as a mitochondrial targeting signal 
(Arakawa et al. 1990). GS is cytosolic in liver tissue of 
amphibians, including those which have high levels of 
GS activity and utilize the enzyme for hepatic ammo- 
nia detoxication during periods of water restriction 
(Campbell et al. 1984). This suggests a mitochondrial- 
to-cytosolic conversion of hepatic GS during evolution 
of early tetrapod vertebrates. The highly conserved se- 
quence, Met-Ala-Thr-Ser-Ala-Ser-Ser, at the N-termi- 
nus of all higher vertebrate GSs, indicates this conver- 
sion involved loss of coding information for all 29 
N-terminal amino acids present in shark mitochondrial 
preGS. The shark cytosolic isozyme would then be- 
come ancestral to the GS isozymes of higher verte- 
brates. This evolutionary sequence would indicate the 
amino acid replacements identified at the N-terminus of 
chicken liver GS were therefore necessary to "retar- 
get" the liver enzyme to mitochondria during evolution 
of the archosaurs. 

Conclusions  

The amino acid sequence of shark (Squalus acanthias) 
liver mitochondrial GS, as derived from its mRNA 
cDNA (clone pSGS6), shows more than 90% sequence 

similarity (conservative replacements included) with 
that of mammalian and avian GSs. This again empha- 
sizes the very high degree of structural conservation of 
vertebrate GSs during their evolution. Phylogenetic tree 
construction for the known animal GSs indicates the an- 
cestral mammalian, avian, and elasmobranch peptides 
each arose independently from a peptide sharing a 
common ancestor with the Drosophila melanogaster 
cytosolic isozyme. 

The open reading frame of pSGS6 encodes 403 
amino acids plus one termination codon. This is 30 
more amino acids than GSs from other vertebrates. The 
calculated mol. wt. of the encoded peptide is 45,406. 
There are two in-frame initiation codons at the N-ter- 
minus of shark liver GS mRNA. Since shark GS appears 
to be coded for by a single gene, generation of the larg- 
er mitochondrial and smaller cytosolic isozyme of GS 
is presumably due to initiation at one or the other of 
these sites. Initiation at the upstream site would result 
in a peptide with an additional 29 amino acids at the N- 
terminus. This would then represent the mitochondrial 
precursor peptide. Two-step processing of this precur- 
sor during import, based on an identified Arg-X-(Phe, 
Ile,Leu) motif present in the additional 29 amino acids, 
would result in removal of 14 N-terminal amino acids 
to yield a peptide of 43,680 calculated tool. wt. This 
would correspond to the mature mitochondrial isozyme. 
Initiation at the down-stream start cite would then gen- 
erate the cytosolic isozyme of 41,869 tool. wt. The fact 
that these calculated mol. wts. for the mitochondrial 
preGS, the mature mitochondrial isozyme, and the cy- 
tosolic isozyme agree with previous estimates of size 
differences of the respective peptides based on their 
Mrs supports such a processing mechanism. 

An evolutionary model in which the additional N-ter- 
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mina l  amino  acids  are de le ted  dur ing  the early evolu t ion  

o f  t e t r apod  ve r t eb ra t e s  f o l l o w e d  by  the la ter  d e v e l o p -  

m e n t  o f  an in ternal  m i tochond r i a l  ta rge t ing  s ignal  at the 

N - t e r m i n u s  in the  a r chosau r  l ine o f  de scen t  is p roposed .  
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