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Abstract 

The life cycle of the red alga Porphyra purpurea alternates between two morphologically distinct phases: 
a shell-boring, filamentous sporophyte and a free-living, foliose gametophyte. From a subtracted cDNA 
library enriched for sporophyte-specific sequences, we isolated a cDNA encoding an unusual elongation 
factor 1 ~ (EF- 1 ~) that is expressed only in the sporophyte. A second EF- lc~ gene that is expressed equally 
in the sporophyte and the gametophyte was isolated from a genomic library. These are the only EF-I~ 
genes detectable in P. purpurea. The constitutively expressed gene encodes an EF- 1 c~ very similar to those 
of most  eukaryotes. However, the sporophyte-specific EF-1 ~ is one of the most divergent yet described, 
with nine insertions or deletions ranging in size from 1 to 26 amino acids. This is the first report of a 
developmental stage-specific EF-1 ~ outside of the animal kingdom and suggests a fundamental role for 
EF-1 ~ in the developmental process. 

Introduction 

Elongation factor 1~ (EF-I~) is a well-studied 
housekeeping protein found in all eukaryotic cells, 
where it plays a central role in protein synthesis. 
It is part of the elongation factor 1 complex, which 
also includes EF-1/3 and EF-17. EF-I~ facilitates 
the GTP-dependent  binding of aminoacyl-tRNA 

to the A site of the ribosome during the elonga- 
tion phase of translation, while EF- 1/3/7 promotes 
the exchange of GDP for GTP on EF-I~ [25]. In 
this process, EF-I~ must bind to GTP/GDP,  
aminoacyl-tRNAs, the 80S ribosome and the EF- 
1/3/7 complex. In addition, EF-I~ appears to be 
a major component  and regulator of the cytosk- 
eleton [4]. Due to these multiple interactions, it 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number U08841 (EF-letef-s) and U08844 (EF-l~tef-c). 
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is not surprising that most of the EF-I~s char- 
acterized to date are highly conserved in their 
amino acid sequences. 

EF-1~ is essential for the production of all cel- 
lular proteins and at least one active copy of the 
EF-l~-encoding gene (tef) is necessary for cell 
viability [ 5]. During certain developmental stages, 
EF-I~ may be extremely abundant; it comprises 
5 ~o of the total protein in wheat germ extracts 
[3]. Many organisms contain multiple copies of 
tef and even organisms with markedly reduced 
genomes such as Arabidopsis thaliana [ 18] or Sac- 
charomyces cemvisae [5] contain four and two 
active tef genes, respectively. In almost all cases, 
these gene families encode nearly identical pro- 
teins. Little is known about the developmental 
pattern of expression of these genes. 

Diverse EF-I~s have so far only been found in 
Drosophila and Xenopus. In both cases, the en- 
coding genes exhibit tissue or developmental 
stage-specific patterns of expression. Drosophila 
has two EF-I~s with very different patterns of 
expression; F1 is expressed throughout the life 
cycle, while F2 is mainly expressed only in the 
pupal stage [10, 32]. Three EF-I~s have been 
characterized from Xenopus laevis. The somatic 
elongation factor, EF-I~S, is expressed at high 
levels in somatic tissues while the closely related 
EF-1 ~O is expressed only in the oocyte. The third 
EF-I~, 42Sp50, is highly divergent in sequence, 
forms part of the RNA storage particle and is also 
expressed only in the oocyte [7]. A major func- 
tion of the 42Sp50 protein appears to be the stor- 
age of tRNAs for later use in oogenesis and early 
embryogenesis. However, purified 42Sp50 can 
function as an EF-I~, but is unique in that it 
exchanges GDP for GTP without the assistance 
of EF-lfl/V and binds to uncharged tRNA more 
tightly than charged tRNA [31]. This suggests 
that 42Sp50 is unlikely to promote efficient pro- 
tein synthesis. Rats and humans also encode a 
developmentally specific, but strongly conserved 
EF-I~, statin, that is expressed only in terminally 
differentiated tissues such as heart, brain and 
muscle [14, 17]. 

The red alga Porphyra purpurea has a life cycle 
that alternates between filamentous, diploid 

sporophytes and foliose, haploid gametophytes. 
As an initial approach to understanding develop- 
mental regulation of gene expression in P. put- 
puma, we constructed two subtracted cDNA li- 
braries and isolated several cDNAs representing 
genes that are expressed in a phase-specific man- 
ner [19]. Among the cDNAs for genes that are 
only expressed in the sporophyte was one that 
encodes an EF-I~. Following this identification, 
a constitutively expressed tef gene was also iso- 
lated. Here, we describe the isolation and char- 
acterization of these two tef genes from P. pur- 
puma. We present evidence that these are the only 
members of the P. purpurea tef gene family and 
that one is expressed in both phases while the 
other is specific to the sporophyte. We also report 
the phylogenetic relationship of these two EF-1 as 
to those from other eukaryotes. 

Materials and methods 

Genomic DNA manipulation and analysis 

P. purpuma sporophytic cultures grown in modi- 
fied D-11 medium [21] were used for DNA iso- 
lation. Nuclear DNA was extracted and purified 
according to Rice and Bird [24], except that the 
proteinase K treatment was omitted. For South- 
ern hybridization, 12 #g of nuclear DNA was di- 
gested with 120 units of restriction enzyme 
(BamHI, KpnI, PstI or SstI) at 37 °C overnight. 
The restricted DNA samples were electrophore- 
sed on an 0.6~o agarose gel and transferred onto 
Zeta Probe GT nylon membranes (BioRad). 
Blotted membranes were hybridized to probe 
DNAs and washed as previously described [ 19], 
except that the final wash was in 2 x SSC, 0.1 ~o 
SDS, at 68 °C. 

Bacteriophage clones harboring tef genomic 
sequences were obtained by screening a P. pur- 
puma genomic library kindly provided by Dr 
R. MacKay. Plaque lifts were prepared according 
to standard procedures [27]. Membranes were 
hybridized and washed under the same condi- 
tions as the genomic Southern hybridizations. 
Recombinant bacteriophage DNA was prepared 



from positive clones by the method of Sambrook 
etal. [27]. The insert DNA was mapped by 
Southern hybridization using the ECL kit (Amer- 
sham). The DNA fragment containing tef was 
subcloned into the plasmid vector pUC18 and 
both strands were sequenced from double- 
stranded plasmid template using an ABI 373 se- 
quencer. 

cDNA characterization 

Poly(A) + RNA extraction, subtracted cDNA li- 
brary construction and screening, northern hy- 
bridization and DNA sequencing were performed 
as described previously [19]. The missing 5' end 
of the cDNA was obtained by PCR from single- 
stranded cDNA extracted from the unsubtracted 
sporophyte cDNA library [19], which presum- 
ably contains longer cDNA inserts. The 5'-end 
PCR primer is complementary to the polylinker 
sequence adjacent to the EcoRI site on the uni- 
versal sequencing primer side of pBluescript II 
SK-  and the 3'-end primer is a gene-specific 
sequence 120 bp from the 5' end of the originally 
isolated cDNA. The PCR product of expected 
size was purified from an agarose gel by 
Geneclean (BIO 101), cloned into a TA cloning 
vector (Invitrogen) and sequenced as described 
previously [19]. Protein secondary structure pre- 
diction was carried out with the PHD program 
[26]. 

Phylogenetic analysis 

Sequences were aligned on a SUN workstation 
using the GCG program Pileup with default gap 
penalties [6]. Minor modifications were made by 
eye to minimize insertion/deletion events. For 
phylogenetic analyses, regions not alignable with 
confidence among all taxa were deleted. Deleted 
regions include the amino-terminus, two small in- 
ternal regions, the carboxyl-terminus, and all in- 
sertions unique to the Porphyra sequences. These 
correspond to positions 1-4, 117-129, 157-169, 
188-218, 238-241, 307-309, 409-435 and 479- 
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524 of the Porphyra alignment (Fig. 1). All parsi- 
mony analyses were performed on amino acid 
sequences using the program PAUP 3.1.t [28]. 
Shortest tree searches utilized 50 replicates of 
random addition with branch-swapping by tree- 
bisection-reconnection. Bootstrap analyses con- 
sisted of 500 replicates of random addition. Dis- 
tance analyses were done with the PHYLIP 3.5c 
program PROTDIST [8] using the Dayhoff 
amino acid substitution matrix, and trees were 
constructed by neighor joining. 

Results 

Isolation and characterization of a sporophyte- 
specific EF-I ~ cDNA 

In an effort to isolate developmental phase- 
specific genes from P. purpurea, we constructed 
two phase-specific subtracted eDNA libraries 
[19]. Differential screening of a portion of each 
library using labelled first-strand cDNAs revealed 
many positive colonies, a small number of which 
were randomly selected for characterization. 
Among these cDNAs was one from the sporo- 
phyte-specific library whose deduced amino acid 
sequence showed strong similarity to EF-1 ~. As 
this 1.2 kb cDNA sequence contained only the 
C-terminal half of an EF-I~, we used PCR to 
isolate the 5' portion of the gene from the unsub- 
tracted sporophyte cDNA library. The combined 
sequence from these two clones is 1882 bp in 
length and contains a single open reading frame 
(ORF) encoding an entire EF-I~ of 515 amino 
acids (Fig. 1). This ORF is preceded by 53 bp of 
5' leader sequence and followed by 281 bp of 
3 '-untranslated region without a poly(A) tail at its 
extreme 3' end. 

When northern blots containing poly(A) + 
RNA from both the sporophyte and the gameto- 
phyte were hybridized with a 3' region-specific 
probe from this cDNA, a single 2.1 kb transcript 
was detected only in the sporophyte RNA 
(Fig. 2A). This sporophyte-specific EF-I~ has 
been designated Porphyra-sporophyte (P-s), while 
its gene is referred to as tef-s. 
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PorphyraC IHAGYAPVL~C HTAH IACK~SEL I LKMDRRSGKKLEDS PKM - - - -" • - - ......... -" ..... I KSGDAAMVKMVASK 
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Fig, I. Alignment of Porphyra EF-l•s with a eukaryotic EF- la  consensus sequence. The complete P-s and P-c deduced amino 
acid sequences are shown, aligned with a consensus sequence based on all known eukaryotic EF-I=s. Amino acids involved in 
GTP and tRNA binding are boxed. Dashes indicate gaps and pairs of asterisks indicate variable length regions. In the consen- 
sus sequence, upper case letters indicate strongly conserved amino acids while conservative positions are indicated in lower case 
letters, corresponding to the most common amino acid found at that position. Positions where either P-s (A), P-c (t)  or both 
Porphyra EF-I~s 0P) differ from the consensus are indicated below the alignment. 

Isolation and characterization of a second constitu- 
tively expressed EF-1 

Since tef-s is apparently only expressed in the 
sporophyte and since EF-1 c~ is essential for trans- 
lation, it was expected that there must be at least 
one more tef that is expressed in either the ga- 
metophyte or in both phases. Using the tef-s 
c D N A  as a probe to screen an unamplified 
P. purpurea genomic library, four positive clones 
were obtained from ca. 200000 plaques• The 
cloned fragments were mapped, subcloned and 
sequenced. All four genomic clones contained a 
single tef gene whose sequence differed from tef-s. 

This second tef sequence encodes a single, unin- 
terrupted ORF of 449 amino acids (Fig. 1). No 
genomic clones carrying tef-s were isolated during 
this screen. 

To test the expression of this new tef, northern 
hybridization was performed under high strin- 
gency using the 3'-coding region of this sequence 
as a gene-specific probe. The 1.5 kb transcript of 
this new tef is present at equal levels in both the 
sporophyte and the gametophyte (Fig. 2B) indi- 
cating that it is constitutively expressed. We des- 
ignate this gene as tef-c and its encoded EF- l e  as 
Porphyra-constitutive (P-c). The hybridization 
signals to sporophyte RNA are of similar inten- 
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Fig. 2. Both P. purpurea tef genes are expressed at similar 
levels. One #g poly(A) ÷ RNA from the sporophyte (S lanes) 
and the gametophyte (G lanes) were electrophoresed on a 
formaldehyde agarose gel, transferred onto a nylon membrane 
and hybridized to a 32p-labelled DNA fragment. After wash- 
ing, both membranes were exposed overnight. A. Hybridiza- 
tion with the 3'-specific probe of tefos (from the XhoI site to 
the end of the cDNA including the 3'-untranslated region, 
Fig. 3A). B. Hybridization with the 3'-specific probe of tef-c 
(from the Kpnl site to the SstI site, Fig. 3A). 

sity for both tef-c and tef-s suggesting that these 
genes are expressed at similar levels in the sporo- 
phyte. 

Estimation qf  gene copy number of  tef  in P. pur- 
purea 

The number  of  copies of  tef  in the P. purpurea 
genome was determined by separate Southern hy- 
bridizations with the 5' and 3' coding regions of  
the tef-c gene (Fig. 3). The  5' half  of  tef-c pro- 
duced two hybridization signals in the BamHI ,  
PstI and SstI digests (Fig. 3B). Based on similar 
hybridizations with 5' and 3' fragments of  tef-s, 
sequencing data  and the restriction mapping re- 
sults from the genomic clones (data not  shown), 
one fragment in each digestion can be assigned to 
tef-c (15 kb BamHI ,  6 kb PstI and 8 kb SstI frag- 
ments), while the other signal in each lane is pro- 

Fig. 3. P. purpurea encodes only two tef genes. A. Physical 
maps of tef-c genomic DNA and tefs cDNA. Positions of 
relevant restriction enzyme digestion sites are those predicted 
from the nucleotide sequencing data. Hatched boxes represent 
coding regions. DNA fragments used as probes for Southern 
hybridization are indicated by arrows. B, C. Hybridizations 
with 5' (B) and 3' (C) coding regions of tef-c respectively. B, 
BamHI; K, KpnI; P, PstI; S, SstI. Size markers are in kilo- 
bases. 

duced by t e f s  (1.9 kb BamHI ,  1.5 kb PstI and 
3 .9kb  SstI fragments). The  3' tef-c probe 
(Fig. 3A), which overlaps the 5' tef-c probe, by- 
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bridizes to the same BamHI, PstI and SstI frag- 
ments as the 5' probe and to two additional PstI 
fragments (Fig. 3C). The two additional PstI frag- 
ments result from a PstI site in the 3' region of 
both genes. According to the sequence data, there 
is a second PstI site in the 3' end of tef-s. How- 
ever, a 513 bp PstI fragment was not detected in 
the 3' probe hybridization, suggesting that one of 
the two tef-s PstI sites might be protected by DNA 
methylation. The hybridization signals obtained 
with KpnI digests also appear to the consistent 
with those or the other enzymes except that some 
of the hybridizing fragments are large and either 
partially digested, or possibly degraded during 
isolation, making it difficult to determine their 
exact sizes. Taken together, our data indicate that 
there are two tef genes in P. purpurea and each 
gene is present as a single copy per haploid ge- 
nome. 

Sequence comparison and phylogenetic analysis of 
EF-1 ~s 

Amino acid sequence comparison of the two Por- 
phyra EF-I~s with each other reveals 63~o se- 
quence identity and 17~o conservative residue 
substitutions (Fig. 1). P-s shows a relatively low 
sequence identity (60-67~o) with other eukary- 
otic EF-I~s, while the identity between P-c and 
other eukaryotic EF-1 as is 70-78 ~o. In addition, 
comparison of the P-s sequence with other eu- 
karyotic EF- 1 as revealed five unique insertions of 
1, 4, 19, 25 and 26 amino acids (aa) (Fig. 1). 
Relative to other EF-I~s,  P-s also has four one 
or two residue deletions. Among other eukaryotic 
EF-I~s single residue insertions/deletions are 
very rare and only one insertion longer than three 
aa has been reported [1 ]. The amino acid com- 
position of the 26 aa insertion is also striking in 
that it contains 50~/o lysine residues. P-c also con- 
tains a unique insertion of 4 aa, which does not 
correspond to any of the P-s insertions. 

Secondary structure predictions of the amino 
acid sequences of both Porphyra EF- las  reveal 
high conservation of a-helix and fl-sheet elements 
relative to the bacterial homolog, EF-Tu [2, 13]. 

Elements predicted to be involved in GTP- 
binding and hydrolysis based on tertiary structure 
studies of EF-Tu, as well as residues demon- 
strated by cross-linking studies to interact with 
the aminoacyl tRNA, are all completely conserved 
in both Porphyra EF- las  (Fig. 1) [12, 20, 33]. 
Secondary structure predictions also show that 
all of the large insertions in P-s and P-c fall within 
pre-existing loops, with the exception of the large 
carboxy terminal insertion P-s. The 4 aa and the 
26 aa insertions in P-s are located in the GTP- 
binding domain while the 18 aa insertion falls 
within a large loop in domain III. Both the 26 and 
18 aa insertions apparently extend loops that pro- 
trude from the surface of the protein and may lie 
in close proximity to each other. The fourth P-s 
insertion, the 25 aa insertion near the carboxy- 
terminal end of EF-la ,  is predicted to form an 
additional a-helix. The single insertion in P-c is 
also located within a loop of the GTP binding 
domain. 

The relationship between the two Porphyra EF- 
las and other known EF- la  and EF-I~ like pro- 
teins was investigated by phylogenetic analysis. 
All trees derived by either parsimony (Fig. 4) or 
distance methods (data not shown) show that 
both Porphyra proteins are of eukaryotic origin, 
although only very distantly related to each other 
(Fig. 4). All methods used place P-c in a similar 
position, close to plants, animals, fungi and the 
slime mold, Dictyostelium, although the exact 
placement of P-c among these taxa is ambiguous. 
Parsimony analysis places P-c as a separate 
branch immediately above green plants, while 
distance analyses place P-c directly on the same 
branch with green plants (data not shown). 

In contrast, P-s falls much more deeply in the 
tree, although its position is again not clearly re- 
solved. Although parsimony analysis puts P-s to- 
gether with the EF- l e  from the apicomplexan 
Plasmodium (Fig. 4), distance analysis places P-s 
as the second deepest branch among eukaryotes 
after Giardia EF- la  (data not shown). The asso- 
ciation of P-s with Plasmodium is probably arte- 
factual as the inclusion of additional archaebac- 
terial sequences in parsimony analyses can move 
P-s to the same position as in distance trees (data 
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Fig. 4. The relationship among Porphyra and other eukaryotic 
EF-1 ~ as predicted by phylogenetic analysis. The phylogenetic 
tree shown is one of four equal-length trees derived by parsi- 
mony analysis of amino acid sequences. Branches are drawn 
proportional to the number of inferred amino acid substitu- 
tions as indicated by the scale bar. Bootstrap values above 
50 % are indicated for major groups only. Numbers above the 
lines are from parsimony analysis, below the lines for distance 
analysis. This tree has a length of 1088 steps, a consistency 
index, excluding uninformative characters, of 0.540, and a 
retention index of 0.566. The other trees found at this length 
differ from the tree shown in placing Stronglyocentrotus alone 
as the single deepest branch among the animals and in plac- 
ing Tetrahymena as separate, deeper branch to Paramecium. 

not shown). This effect, together with the low 
overall similarity of P-s to other EF-1 as, suggests 
that P-s may not necessarily be an ancient pro- 
tein, but rather a rapidly evolving sequence, i.e., 
a long branch that is artefactually attracted to 
other long branches in the tree such as Plasmo- 
dium, Giardia and the archaebacteria. Such 'long- 
branch effects' are particularly problematic for 
phylogenetic analysis [29]. It should be noted 
that P-s shows no affinity for any of the special- 
ized EF-1 ~s currently known, such as 42Sp50 or 
the EF-1 ~-like, gstl-encoded protein required to 
Gl-to-S phase transition [ 11]. 

Discussion 

In this paper, we describe the isolation and char- 
acterization of two P. purpurea tef genes that are 
strikingly different from each other with respect to 
sequence and expression pattern. The tef-c gene 
encodes a typical eukaryotic EF- la  that is ex- 
pressed in both the sporophyte and the gameto- 
phyte, while tef-s encodes an EF-1 a that has an 
unusual primary structure and is expressed only 
in the sporophyte. Although developmental stage- 
specific tef genes have been demonstrated in 
Drosophila, Xenopus and mammals [7, 10, 32], 
this is the first example of a stage-specific tef 
outside of the animal kingdom. Our results show 
that developmental specialization of EF-I~ is 
more widespread than previously thought, and 
that it has arisen independently at least twice dur- 
ing the evolution of multicellular eukaryotes. 

Both Porphyra tef genes potentially encode 
functional EF- 1as. P-c is highly conserved in both 
primary sequence and predicted secondary struc- 
ture. This, together with its high level of phase- 
independent expression, indicate that tef-c en- 
codes a typic al, eukaryotic, 'housekeeping' EF- 1 a 
responsible for the bulk of protein synthesis. Al- 
though P-s is very divergent in terms of primary 
structure, including an unprecedented number of 
insertions and deleteions, none of the amino acid 
substitutions are predicted to interfere with func- 
tion. In addition, all four large insertions fall 
within pre-existing loops or at the carboxy- 
terminus, and secondary structure predictions 
suggest that P-s can fold properly. Therefore, tef-s 
also potentially encodes a functional EF-la.  

Nonetheless, the unusual sequence and struc- 
ture of P-s, together with its restricted pattern of 
expression, suggest that tef-s may not encode an 
entirely typical EF-1~. In this respect it is impor- 
tant to note that a large body of evidence has now 
accumulated for multifunctionality of EF-1 a. Be- 
sides its major role in the elongation step of pro- 
tein synthesis, EF-I~ has been shown to be a 
major component of the cytoskeleton as well as 
a possible regulator of its assembly in diverse 
eukaryotes ranging from ciliates [15] to man [4]. 
EF- la  also appears to be a major component of 
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the centrosome [16, 22], and is involved in 
ubiquitin-dependent degradation of proteins in 
animals [9]. 

One possible explanation for the high level of 
divergence found in P-s is that it is only perform- 
ing a subset of the normal EF-I~ functions. For 
instance, P-s may be specialized for high levels of 
protein synthesis. This would be consistent with 
the fact that P-s has retained all amino acid resi- 
dues known to be required for this function. Since 
EF-I~ appears to have other major cellular roles, 
an EF-1 c~ involved only in making protein might 
no longer be constrained at amino acid positions 
required for other, non-protein-synthetic func- 
tions. Conversely, P-s could be specialized for 
one of the other EF-I~ roles that might be re- 
quired uniquely in the sporophyte. Some, if not 
all, of these roles also require GTP-hydrolysis, 
and some may also require tRNA binding, as is 
the case with 42Sp50. Thus, the necessary amino 
acid positions might still be conserved as is the 
case in P-s (Fig. 1). The large insertions in P-s 
may also be related to a specialized function. For 
instance, the highly positively charged 26 aa in- 
sertion that is predicted to protrude from the sur- 
f/ice of the protein may allow novel interactions 
with negatively charged cellular components. 

Although our phylogenetic analyses show an 
ancient origin for P-s, the low sequence similar- 
ity of the protein to all other known EF-lc~s sug- 
gests that P-s has undergone accelerated evolu- 
tion, a situation known to interfere with accurate 
phylogenetic analysis [29]. This is especially 
problematic when there is a lack of sequence in- 
formation from closely related taxa. One striking 
example of this phenomenon is the 42Sp50 pro- 
tein of Xenopus, a highly divergent, developmen- 
tally restricted EF-ls-l ike protein [31 ]. Early 
analyses placed 42Sp50 very deeply in the eu- 
karyotic tree, similar to the position of P-s in our 
tree (Fig. 4). This lead to the suggestion that 
42Sp50 might be an ancient protein. However, 
with the broader taxonomic representation now 
available, 42Sp50 groups together with other ver- 
tebrates, with a very long terminal branch indi- 
cating accelerated evolution (Fig. 4). Thus, we 
predict that, as more protistan sequences become 

available, P-s will show a longer terminal branch 
and a closer relationship with P-c, perhaps even 
supporting an origin from within the red algae. 

If P-s is indeed derived from within the red 
algae, this would mean a relatively recent origin 
for the tef-s gene, followed by a striking accelera- 
tion in its evolutionary rate. This is very similar 
to the situation with 42Sp50 [31]. The fact that 
a similar phenomenon of highly specialized, 
developmental-stage-specific EFl -es  has been 
documented in Xenopus and now P. purpurea sug- 
gests a broad utility for EFI-e  in developmental 
specialization, possibly involving a subset of the 
full range of EF-lc~ functions. As residues 
involved in these functions become identified, it 
may be possible to determine which roles the spe- 
cialized EF- l e  proteins have been selected for. 

Acknowledgements 

We would like to thank Dr Ron MacKay for 
providing the P. purpurea genomic library and Dr 
Susan Douglas for critical reading of the manu- 
script. This is NRCC publication 39705. 

References 

1. Baldauf SL, Palmer JD: Animals and fungi are each oth- 
er's closest relatives: congruent evidence from multiple 
proteins. Proc Natl Acad Sci USA 90:11558-11562 
(1993). 

2. Berchtold H, Reshetnikova L, Reiser COA, Schirmer 
NK, Sprinzl M, Hilgenfeld R: Crystal structure of active 
elongation factor Tu reveals major domain rearrange- 
ments Nature 365:126-132 (1993). 

3. Browning KS, Humphreys J, Hobbs W, Smith GB, Ravel 
JM: Determination of the amounts of the protein synthe- 
sis initiation and elongation factors in wheat germ. J Biol 
Chem 265:17967-17973 (1990). 

4. Cordeelis J: Elongation factor lc~, translation and the cy- 
toskeleton. Trends Biochem Sci 20:169-170 (1995). 

5. Cottrelle P, Cool M, Thuriaux P, Price VL, Thiele D, Bu- 
hler JM, Fromageot P: Either one of the two yeast EF-1 
alpha genes is required for cell viability. Curr Genet 9: 
693-697 (1985). 

6. Devereux J, Haeberli P, Smithies O: A comprehensive set 
of sequence analysis programs for the VAX. Nucl Acids 
Res 12:387-395 (1984). 



7. Dje MK, Mazabraud A, Viel A, Le-Maire M, Denis H, 
Crawford E, Brown DD: Three genes under different de- 
velopmental control encode elongation factor 1-alpha in 
Xenopus laevis. Nucl Acids Res 18:3489-3493 (1990). 

8. Felsenstein J: Phylogeny Inference Package [PHYLIP 
3.5C]. University of Washington, Seattle (1991). 

9. Gonen H, Smith CE, Siegel NR, Kahana C, Merrick WC, 
Chakraburtty K, Schwartz AL, Ciechanover A: Protein 
synthesis elongation factor EF-1 alpha is essential for 
ubiquitin-dependent degradation of certain N alpha- 
acetylated proteins and may be substituted for by the 
bacterial elongation factor EF-Tu. Proc Natl Acad Sci 
USA 91:7648-7652 (1994). 

10. Hovemann B, Richter S, Walldorf U, Cziepluch C: two 
genes encode related cytoplasmic elongation factors 1 
alpha (EF-1 alpha) in Drosophila melanogaster with con- 
tinuous and stage specific expression. Nucl Acids Res 16: 
3175-3194 (1988). 

11. Kikuchi Y, Shimatake H, Kikuchi A: A yeast gene re- 
quired for the Gl-to-S transition encodes a protein con- 
taining an A-kinase target site and GTPase domain. 
EMBO J 7 :1175-1182  (1988). 

12. Kinzy TG, Freeman JP, Johnson AE, Merrick WC: A 
model for the aminoacyl-tRNA binding site of eukaryotic 
elongation factor 1 alpha. J Biol Chem 267:1623-1632 
(1992). 

13. Kjeldgaard M, Nyborg J: Refined structure of elongation 
factor EF-Tu from Escherichia coli. J Mol Biol 223: 721- 
742 (1992). 

14. Knudsen SM, Frydenberg J, Clark BF, Leffers H: Tissue- 
dependent variation in the expression of elongation 
factor-1 alpha isoforms: isolation and characterisation of 
a novel variant of human elongation-factor 1 alpha. Eur 
J Biochem 215:549-554 (1993). 

15. Kurasawa Y, Numata O, Katoh M, Hirano H, ChibaJ, 
Watanabe Y: Identification of Tetrayhymena 14-nm fila- 
ment-associated protein as elongation factor 1 alpha. Exp 
Cell Res 203:251-258 (1992). 

16. Kuriyama R, Savereide P, Lefebvre P, Dasgupta S: The 
predicted amino acid sequence of a centrosphere protein 
in dividing sea urchin eggs is similar to elongation factor 
(EF-1 alpha). J Cell Sci 95:231-236 (1990). 

17. Lee S, Wolfraim LA, Wang E: Differential expression of 
S1 and elongation factor-12 during rat development. J 
Biol Chem 268:24453-24459 (1993). 

18. Liboz T, Bardet C, Le-Van-Thai A, Axelos M, Lescure B: 
The four members of the gene family encoding the Ara- 
bidopsis thaliana translation elongation factor EF-1 alpha 
are actively transcribed. Plant Mol Biol 14:102-110 
(1990). 

19. Liu QY, van der Meer JP, Reith ME: Isolation and char- 
acterization of phase-specific cDNAs from sporophytes 
and gametophytes of Porphvra purpurea (Rhodophyta) 

85 

using subtracted cDNA libraries. J Phycol 30:513-520 
(1994). 

20. Metz-Boutigue M-L, Reinbolt J, Ebel J-P, Ehresmann C, 
Ehresmann B: Crossliking of elongation factor Tu to tR- 
N A  l'he by trans-diamminedichloroplatinum (II). FEBS 
Lett 245:194-200 (1989). 

21. Mitman G, van der Meer JP: Meiosis, blade development 
and sex determination in Porphyra purpurea (Rhodo- 
phyta). J Pbytol 30:147-159 (1994). 

22. Ohta K, Toriyama M, Miyazaki M, Murofushi H, Hoso- 
da S, Endo S, Sakai H: The mitotic apparatus-associated 
51-kDa protein from sea urchin eggs is a GTP-binding 
protein and is immunologically related to yeast potypep- 
tide elongation factor t alpha. J Biol Chem 265: 3240- 
3247 (1990). 

23. Pedersen S, Bloch PH, Reeh S, Neidhardt FC: Patterns 
of protein synthesis in E. coli: a catalog of the amount of 
140 individual proteins at different growth rates. Cell 14: 
179-190 (1978). 

24. Rice EL, Bird C J: Relationships among geographically 
distant populations of Gracilaria verrucosa (Gracilariales, 
Rhodophyta) and related species. Physcologia 29: 501- 
510 (1990). 

25. Riis B, Rattan SI, Clark BFC, Merrick WC: Eurkaryotic 
protein elongation factors. Trends Biochem Sci 15: 420- 
424 (1990). 

26. Rost B, Sander C: Improved prediction of protein sec- 
ondary structure by use of sequence profiles and neural 
networks. Proc Natl Acad Sci USA 90:7558-7562 
(1993). 

27. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning: 
A Laboratory Manual, 2nd ed. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY (1989). 

28. Swofford DL: PAUP: Phylogenetic Analysis Using Par- 
simony version 3.0r. Illinois Natural History Survey, 
Champaign, IL (1991). 

29. Swofford DE, Olsen GJ: In: Hillis DM, Moritz C (eds) 
Molecular Systematic s, pp. 411-501. Sinauer Associates, 
Sunderland, MA (1990). 

30. Travers A: Control of ribosomal RNA synthesis in vivo. 
Nature 244:15-17 (1973). 

31. Viel A, Le-Marie M, Philippe H, Morales J, 
Mazabraud A: Structural and functional properties of 
thesaurin a (42Sp50), the major protein of the 42 S par- 
ticles present in Xenopus laevis previtellogenic oocytes. J 
Biol Chem 266:10392-10399 (1991). 

32. Walldorf U, Hovemann B, Bautz EKF: F1 and F2: Two 
similar genes regulated differentially during development 
of Drosphila melanogaster. Proc Natl Acad Sci USA 82: 
5795-5799 (1985). 

33. Woolley P, Clark BFC: Homologies in the structure of 
G-binding proteins: a analysis based on elongation factor 
EF-Tu. Bio technology 7:913-920 (1989). 


