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We cloned three genes from Mucor racemosus coding for protein synthesis elongation factor lao (EF-la). A
110-base-pair (bp) EF-lot-specific cDNA clone was identified by hybrid-selected translation. The nucleotide
sequence of the cDNA showed significant homology to a region of the Saccharomyces cerevisiae genes for EF-la
(TEFI and TEF2). The cDNA was used to isolate an 850-bp EcoRI genomic DNA fragment containing a portion
of the EF-la gene. Screening of a X/M. racemosus genomic DNA bank with the 850-bp EcoRI probe resulted
in the identification of three DNA fragments containing a common 850-bp EcoRI fragment within a short
overlapping region. S1 nuclease analysis of the three EF-la DNA fragments showed that the EF-laL transcript
covered the short overlapping region in the clones. Restriction fragments purified from flanking regions in each
clone were used to probe a Hindlll digest of M. racemosus genomic DNA. Each flanking probe hybridized to
one of three DNA fragments which hybridized to the 850-bp EF-la-specific probe. Nucleotide sequence data
from two random "shotgun clones" of one of the three genes show good homology to two regions of S. cerevisiae
TEFI. The data indicate the presence of three genes for EF-la in M. racemosus located at unique sites in the
genome.

Elongation factor la (EF-la) plays an essential role in the
process of translation in eucaryotic cells. The protein directs
the GTP-dependent binding of aminoacyl-tRNA to the open
acceptor site on the ribosome. In the course of its activity,
EF-la interacts with nucleic acids, nucleotides, and other
proteins.
As one means to obtain information about the primary

structure of the EF-la protein, several laboratories have
cloned the genes coding for the protein and determined the
nucleotide sequence. The two genes coding for EF-la in
Saccharomyces cerevisiae, TEF1 and TEF2, have been
cloned, and their nucleotide sequences have been deter-
mined (8, 29, 37). In Artemia salina, the brine shrimp, there
may be as many as four genes coding for EF-la, only one of
which has been sequenced (42, 43). More progress has been
made in the study of elongation factor Tu (EFTu), which
functions similarly to EF-la in procaryotic cells and in
eucaryotic organelles. To date, the two Escherichia coli
genes coding for EFTu, tufA and tufB (2, 26, 38, 46), the
gene for EFTu from the Euglena gracilis chloroplast (27),
and the EFTu gene from the mitochondria of S. cerevisiae
(30) have all been isolated, and their nucleotide sequences
have been determined. Cotrelle et al. compared the primary
structure of the EF-la and EFTu proteins from these orga-
nisms by dot matrix analysis under high- and low-stringency
conditions for the comparison (9). They not only found a
great deal of sequence homology when EF-la proteins were
compared, but it appeared that there were several conserved
regions between EF-la and EFTu. They speculated that
these conserved regions correspond to functional domains
within the protein.

During sporangiospore germination of the fungus Mucor
racemosus, EF-la activity was shown to increase nearly
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sixfold (12). At this same time, several lysine residues in the
EF-la protein are methylated to form the mono-, di-, and
trimethyllysine derivatives (14). By using a cDNA probe for
the M. racemosus EF-la gene, it was shown that the relative
abundance of EF-la mRNA remained nearly constant dur-
ing this time. A similar invariant level of EF-1a protein
detected during spore germination led to the conclusion that
the increase in EF-la activity was due to the posttransla-
tional methylations (12).

Continuing our studies on the molecular genetics of EF-la
in M. racemosus, we report here the presence of three genes
in the M. racemosus genome coding for EF-la. We cloned
each of the genes, characterized them by restriction endo-
nuclease analysis, and found that they lie in unique locations
in the M. racemosus genome.

MATERIALS AND METtIODS

Organism and culture conditions. M. racemosus (M.
lusitanicus) ATCC 1216b was the source of DNA and RNA
used in cloning the EF-la genes. Sporangiospores were
prepared as described previously (35) and stored at -20°C in
sterile distilled water containing 20% (vol/vol) glycerol.
Sporangiospores were germinated in YPG medium (2%
glucose, 1% Bacto-Peptone [Difco Laboratories], 0.3% yeast
extract [pH 5.5]) by shaking at 28°C in a rotatory shaker water
bath. The culture was sparged with >2 volumes of sterile air
per volume per min. Germlings were harvested by filtration
(Whatman no. 1 filter paper) when germ tubes reached five
spore diameters. The cells were frozen immediately in liquid
nitrogen and stored at -70°C, or the nucleic acids were
extracted immediately, as described below.

Bacterial strains and plasmids. E. coli LE392 (F- hsdR514
supE44 supF58 lacYl galK2 galT22 metBI trpR55 X-) (28)
was used to propagate an M. racemosus gene bank in
bacteriophage X. E. coli JM83 [ara A(pro-lac) rpsL thi
FD80dlacZAM15] (23) was the host strain for plasmids pUC8,
pUC9 (44), and pBR322 (7), which were used in subcloning
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the EF-la genes. These plasmids were grown and amplified
in LB medium (tryptone [Difco], 10 g/liter; yeast extract
[Difco], 5 g/liter; NaCl, 10 g/liter [pH 7.5]) and purified by
equilibrium centrifugation in CsCl-ethidium bromide gradi-
ents by methods reported previously (6, 10). JM83 was made
competent for transformation by recombinant plasmids by a
CaC12 procedure previously published (18). Transformed
cells were selected and maintained on LB medium supple-
mented with the chromogenic substrate 5-bromo-4-chloro-3-
indolyl-,3-D-galactoside (X-gal) and ampicillin (50 Fig/ml,
final concentration) for pUC recombinant plasmids or on LB
medium supplemented with tetracycline (20 ,ug/ml, final
concentration) for pBR322 recombinant plasmids. E. coli
JM103 [A(lac-pro) thi rpsL supE endA sbcC hsdR- F' traD36
proAB lacIVZAM15] (24) was used as a host strain in the
nucleotide sequencing of the EF-1a cDNA clone and the two
TaqI genomic "shotgun clones." Replicative-form and sin-
gle-stranded phage M13mp8 (25) were propagated and puri-
fied according to procedures published by Bethesda Re-
search Laboratories, Inc. (5).

Construction of a limited M. racemosus cDNA bank. Total
RNA was extracted from M. racemosus germlings by the
procedure of Alton and Lodish (1). An aliquot of the total
RNA solution containing 20 mg of RNA (450 ,ug ofRNA per
ml) was passed over an oligo(dT)cellulose column (1-ml bed
volume; Bethesda Research Laboratories, Inc.) to purify the
poly(A)+ RNA by the procedure of Aviv and Leder (3).
cDNA copies were prepared from the poly(A)+ RNA with

avian myeloblastosis virus reverse transcriptase (Bethesda
Research Laboratories, Inc.), and homopolymer de-
oxycytidine monophosphate tails were added via terminal
deoxynucleotidyl transferase (Bethesda Research Laborato-
ries, Inc.) (11). The cDNA fragments were cloned into the
PstI site of pBR322, which had been prepared with a tract of
the complementary homopolymer dGMP. The resultant
cDNA recombinant plasmids were screened for EF-la-
specific sequences by means of nitrocellulose filter hybrid-
selected translation (34). The poly(A)+ RNA specifically
bound to cDNA plasmids was translated in a rabbit reticu-
locyte lysate in vitro translation system by following the
instructions of the manufacturer (Bethesda Research Labo-
ratories, Inc.). Translation products were analyzed by two-
dimensional polyacrylamide gel electrophoresis (31), and
EF-la sequences were identified by comparing the migration
of the polypeptides translated in vitro with a pure EF-lox
standard.

Construction of an M. racemosus gene bank in bacterio-
phage X. High-molecular-weight M. racemosus genomic
DNA was extracted from germlings by the procedure of
Cihlar and Sypherd (8). The DNA preparation was frag-
mented by partial digestion with EcoRI restriction endonu-
clease. DNA fragments of 10 to 15 kilobases (kb) were
purified on sucrose gradients (20) and ligated to the EcoRI
arms of XgtWES * XB (16), prepared as described by
Maniatis et al. (20). The recombinant DNA molecules were
packaged in vitro with a kit supplied by Boehringer Mann-
heim Biochemicals. The phage particles were propagated in
E. coli LE392 and screened for EF-lot sequences by the in
situ plaque hybridization procedure described by Benton
and Davis (4).

Restriction endonuclease analysis and agarose gel electro-
phoresis. Restriction endonuclease digestions of DNA were
performed by the instructions of the manufacturer. DNA
fragments were resolved by electrophoresis through 0.8 to
2% agarose gels (22) with a Tris acetate buffer system (50
mM Tris [pH 8.05], 20 mM sodium acetate, 2 mM EDTA [pH

8.0]). DNA in agarose gels was visualized directly by soak-
ing gels in electrophoresis buffer containing ethidium bro-
mide (0.5 ,ug/ml) and photographing the gel by transillumina-
tion with UV light (260 nm). RNA samples were resolved by
electrophoresis through formaldehyde-agarose gels as de-
scribed by Lehrach et al. (17).
Southern and northern blot analyses of nucleic acids. DNA

resolved by electrophoresis through agarose gels was further
analyzed by transfer to nitrocellulose filters by the procedure
of Southern (39). The DNA transfer buffer was 20x SSC (1 x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0).
Passive transfer was allowed to proceed over a 24-h period,
after which the nitrocellulose filter was baked at 80°C under
vacuum for 2 h before hybridization.
The transfer of RNA from formaldehyde-agarose gels was

carried out by the procedure of Thomas (41). DNA probes
for hybridization were prepared from agarose-gel-purified
restriction fragments (19, 45). The DNA was nick translated
to high specific activity (>108 cpm/,ug of DNA) by the
incorporation of a [ot-32P]dGTP following the reaction con-
ditions of Maniatis et al. (21).

Nitrocellulose filter hybridization conditions were essen-
tially those described by Maniatis (19). Nitrocellulose filters
were soaked for 3 h in prehybridization solution (50%
deionized formamide, Sx Denhardt solution [lx Denhardt
solution is 1% Ficoll {Pharmacia Fine Chemicals}, 1% bovine
serum albumin, 1% polyvinylpyrrolidone], Sx SSPE [20x
SSPE is 3.6 M NaCl, 200 mM NaH2PO4 {pH 7.4}, 20 mM
EDTA], 0.1% sodium dodecyl sulfate, denatured salmon
testes DNA [100 ,ug/ml]) at room temperature. Prehybridi-
zation solution was then removed and replaced with fresh
prehybridization solution containing 5 x 105 to 1 x 106 cpm
of nick-translated DNA probe per ml. Hybridizations were
allowed to proceed for at least 24 h at 42°C while the solution
was submerged in a shaking water bath. The filters were
washed twice for 15 min in 2x SSC-0.1% sodium dodecyl
sulfate at room temperature and then once for 60 min in 2 x
SSC at 65°C. Filters were exposed to Kodak XAR-5 film
(Eastman Kodak Co.) at -70°C with a Cronex Lightning-
Plus intensifier screen for 4 to 24 h.
DNA sequencing. The nucleotide sequences of the cDNA

EF-la clone and the two TaqI genomic shotgun clones were
determined by the dideoxy chain termination procedure of
Sanger and Coulson (36).
S1 nuclease analysis of RNA. Total RNA (50 or 100 ,ug) was

mixed with M. racemosus cloned EF-la DNA, and the
nucleic acids were coprecipitated with ethanol. The nucleic
acid pellet was dissolved in 0.03 ml of S1 nuclease hybrid-
ization buffer (80% deionized formamide, 40 mM PIPES
[piperazine-N,N'-bis{2-ethanesulfonic acid}] [pH 6.4], 400
mM NaCl, 1 mM EDTA) and heated to 80°C for 5 mih. The
tubes were then placed in a water bath at 49°C for 3 h. After
incubation, the reaction mixtures were diluted 1:10 with
ice-cold S1 nuclease buffer (0.28 M NaCl, 0.05 M sodium
acetate [pH 4.6], 4.5 mM ZnSO4), and 300 U of S1 nuclease
(Boehringer Mannheim Biochemicals) was added (1,000
U/ml). The tubes were incubated at 20°C for 30 min followed
by 30 min at 4°C. The DNA/RNA hybrids resistant to S1
nuclease digestion were precipitated with ethanol after the
addition of 10 ,ug of yeast tRNA. The nucleic acids were then
resolved on neutral agarose gels. Gels were further analyzed
by Southern blotting as described above.
Enzymes and chemicals. The enzymes used in this analysis

were purchased from Bethesda Research Laboratories, Inc.,
New England BioLabs, Inc., or Boehringer Mannheim
Biochemicals unless specified otherwise in the text. All other
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reagents were purchased from Sigma Chemical Co. or Mal-
linckrodt, Inc.

RESULTS
Identification of an EF-la-specific clone. EF-la is one of

the most abundant proteins present in M. racemosus, con-
stituting about 1% of the cellular protein. The protein has a
molecular weight of 53,000, an isoelectric point of approxi-
mately 9.3, and is easily identified on two-dimensional
polyacrylamide gels (14). Given the probability that EF-1lo
mRNA would be present in relatively high abundance, we
chose to clone the EF-1a genes by a cDNA strategy.

Total RNA, purified from germinating sporangiospores,
was fractionated by chromatography on oligo(dT) cellulose
to obtain poly(A)+ RNA. cDNA copies were synthesized
from the poly(A)+ RNA via avian myeloblastosis virus
reverse transcriptase, and the cDNA was cloned into the
PstI site of pBR322. The resulting recombinant plasmids
were introduced into E. coli JM83 by CaC12 transformation.
Of the 400 ampicillin-sensitive, tetracyclirre-resistant clones,
100 were screened for the presence of EF-lc sequences by
hybrid-selected translation. The clones were grown together

A

5' TGCTGTCACCACACGAAGATCAAGTTCCGTCGAAATACAC

kb 1 2 3 4 5 6 7
23.6 -

9.5-

6.7 - m *_
a,0

4.2 -

2.3 -

2.0 -

CACCACGAAACCCTCATTGMGGTTTCCCGGATGACAAGC 3'
80

go
B

I 74
750

rn-iJ'

6 t

0

0* F

E~~~~~~~~~~

Mucor cDNA
FIG. 1. Nucleotide sequence and homology analysis of the M.

racemosus EF-la cDNA clone. (A) The nucleotide sequence of the
80-bp M. racemosus EF-1cx cDNA was determined by the dideoxy
chain termination procedure of Sanger and Coulson (36). (B) The
nucleotide sequence of the M. racemosus EF-la cDNA was com-
pared with the published sequence of the S. cerevisiae EF-la gene,
TEFI (9), by a dot matrix homology program written for the IBM PC
(G. A. Gutman and B. Ward, unpublished data). x axis, M. rac-
emosus EF-la cDNA, bases 1 to 74; y axis, S. cerevisiae TEFI,
bases 750 to 950 (numbering of TEFI begins with the AUG transla-
tion initiation codon).

I1
FIG. 2. Southern blot analysis of M. racemosus genomic DNA

with a 32P-labeled EF-la probe. We fragmented 20 ,ug of M.
racemosus genomic DNA with the indicated restriction
endonucleases. Lanes: 1, molecular size markers (HindlIl digest of
A DNA); 2, SalI digest of M. racemosus genomic DNA; 3, PstI
digest; 4, XbaI digest; 5, EcoRI digest; 6, BamHI digest; 7, HindIII
digest.

in groups of six and the plasmid DNA was purified and then
bound to nitrocellulose filters. Total M. racemosus RNA
was hybridized to the plasmid DNA, and the specifically
bound RNA fraction was translated in an optimized rabbit
reticulocyte in vitro translation system. The translation
products were characterized by electrophoresis on two-
dimensional polyacrylamide gels. One clone, which carried a
110-base-pair (bp) cDNA fragment, was identified as a
putative EF-loa clone because its hybrid-selected mRNA
directed an in vitro translation product which comigrated
with a purified EF-lax standard protein (12). The 110-bp PstI
cDNA fragment was subcloned into the PstI site of the
single-strand phage M13mp8, and its nucleotide sequence
was determined (Fig. 1A). Open reading frames were found
in three of the six possible frames. The cDNA nucleotide
sequence was then compared with the complete nucleotide
sequence of the S. cerevisiae EF-la gene, TEFJ (9). The
stringency for the homology comparison was based on a
5-in-7-bp match (71%). The resulting dot matrix analysis plot
is shown in Fig. 1B. A region of significant homology, shown
by the discontinuous diagonal line, was found beginning at
base 840 of the S. cerevisiae gene.

Identification of an EF-la-specific genomic DNA clone. The
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FIG. 3. Restriction endonuclease maps of M. racemosus EF-la
E sequences from AgtWES * XB or pUC9 recombinant clones. The

</>>az DNA restriction fragments were resolved by agarose gel electropho-
resis, and their sizes were analyzed to generate restriction maps.

i0 Only M. racemosus DNA is shown in (A) and (B). (A) Representa-
tive XWES * XB clones 1.4 A, 1.6 ), and 2.2 k showing the EcoRI
restriction pattern of the M. racemosus DNA clones. The 850-bp

E EcoRI fragment common to all three clones is indicated by the
a highlighted line segment. (B) BamHI restriction fragments were

. subcloned into pUC9 to construct the EF1 recombinant plasmids
4> pMuEF1-2, -3, and -14. The locations of the overlapping restriction

sites are indicated by the hashed lines. Bam, BamHI; Eco, EcoRI;
Hin, HindIII; Hpa, IIpaI; Sal, Sall; and Pst, PstI.
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EF-la cDNA clone was nick translated and used to probe a

Southern blot of M. racemosus genomic DNA digested to
completion with EcoRI or BamHI to identify genomic DNA
fragments which might contain the entire EF-la gene. One
850-bp band and three BamHI restriction fragments (8.3, 7.6,
and 7.5 kb) hybridizing to the cDNA probe were identified
on an autoradiograph of the blot. The 850-bp EcoRI fragment
was isolated from limited genomic DNA banks generated by
ligation of DNA eluted from the correct portion of an

agarose gel and ligated into pBR322. The 850-bp EcoRI
fragment was nick translated and used to probe a Southern
blot of M. racemosus genomic DNA digested to completion
with a variety of restriction endonucleases. The DNA re-

striction fragments were resolved by agarose gel electropho-
resis and transferred to a nitrocellulose filter. The filter was
incubated in the presence of the 850-bp EcoRI EF-l(x DNA
fragment which had been radioactively labeled with 32P by
nick translation. The filter was then washed and exposed to

X-ray film. The resulting autoradiograph is shown in Fig. 2.
For each restriction enzyme tested, the EF-lot probe hybrid-
ized to three bands except for the EcoRI digest, in which the
850-bp EF-la probe hybridized to itself. These data sug-
gested that there is more than one gene in the M. racemosus

genome coding for EF-la, because the large size of the three
restriction fragments (i.e., BamHI) precluded the presence
of more than one restriction site in the gene.

Screening a X/M. racemosus DNA library for complete
EF-la genes. To obtain a complete EF-lat genomic clone, we
constructed a complete library of M. racemosus genomic
DNA in the K vector, AgtWES - KB. This library was
screened for EF-la sequences by in situ plaque hybridiza-
tion by use of the 850-bp EcoRI fragment as a probe. We
selected 12 positive recombinant phage clones (plaques) and
carried them through three rounds of single-plaque purifica-
tion. DNA purified from the phage clones was digested to
completion with EcoRI, and the restriction fragments were

resolved on an agarose gel. The phage clones each contained
the 850-bp EcoRI fragment and could be grouped into three
unique EcoRI restriction patterns as shown in Fig. 3A. This
result was further evidence suggesting the presence of more
than one gene for EF-la in the M. racemosus genome. A
representative phage from each restriction group, designated
1.4 K, 1.6 K, and 2.2 K, was digested with BamHI, and the
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FIG. 4. Si nuclease analysis of M. racemosus DNA testriction fragments containing EF-la. (A) BamHI restriction fragments from
pMuEFl-2, -3, and -14, and a 4.0-kb PstI fragment from pMuEFl-14 were incubated with total M. racemosus RNA under conditions favoring
RNA/DNA hybridization. Lanes: 1, molecular size markers; 2, 7.6-kb BamHI fragment from pMuEFl-14 plus yeast tRNA; 3, M. racemosus
RNA; 4, 7.6-kb BamHI fragment plus M. racemosus RNA; 5, 7.6-kb BamHI fragment; 6, 7.5-kb BamHI fragment plus M. racemosus RNA;
7, 7.5-kb BamHI fragment from pMuEF1-2; 8, 8.3-kb BamHI fragment plus M. racemosus RNA; 9, 8.3-kb BamHI fragment from pMuEF1-3;
10, 4.0-kb PstI fragment plus M. racemosus RNA; 11, 4.0-kb PstI fragment from pMuEFl-14. (B) Position of the 4.0-kb PstI fragment within
the 7.6-kb BamHI fragment from pMuEF-14. The location of the EF-la transcript relative to these restriction fragments is shown by the
hashed lines.

restriction fragments were cloned into pUC9. The recombi-
nant plasmids were transformed into E. coli JM83. We
identified subclones containing EF-la sequences by screen-
ing transformants by colony hybridization with the 850-bp
EcoRI restriction fragment. Three recombinant plasmids,
pMuEFl-2, -3, and -14, contained a single subcloned BamHI
fragment which comigrated with one of the three genomic
bands seen on Southern blots.
pMuEFl-2, -3, and -14 were digested with several restric-

tion endonucleases singly and in combination to produce the
restriction map shown in Fig. 3B. Two EcoRI sites which
mark the boundaries of the 850-bp genomic DNA fragment
were found to be common to all three subclones. In addition,
common PstI and HindIII restriction sites were identified in
the same relative location in all three subclones. All other
restriction sites appear to be unique to each of the clones.
The three subcloned BamHI fragments were purified by

agarose gel electrophoresis and analyzed further by S1
nuclease mapping to locate the ends of the EF-la transcript
in the subcloned restriction fragments. Total M. racemosus
RNA was hybridized to each subclone under conditions
which favor RNA/DNA hybridization. These hybrids were
treated with 1,000 U of S1 nuclease (Boehringer-Mannheim
Biochemicals) per ml. The double-stranded hybrids resistant
to digestion were precipitated with ethanol, redissolved in
buffer, and resolved by agarose gel electrophoresis. The
DNA fragments were transferred to nitrocellulose filters,
which were then incubated with the 32P-labeled, 850-bp
EcoRI EF-la-specific probe, washed, and exposed to X-ray
film. EF-la RNA protected two major DNA fragments of
1.45 and 1.50 kb (Fig. 4A) and a minor fragment at 1.2 kb.
When a 4.0-kb PstI fragment from pMuEF1-14 (Fig. 4B) was
subjected to S1 nuclease mapping (Fig. 4A, lanes 10 and 11),
a single DNA fragment of 1.2 kb was protected, showing that
part of the transcribed portion of the gene was missing in
the restriction fragment. Northern blot analysis of M.
racemosus RNA, performed as part of a previous study,
detected a single EF-la RNA transcript of 1.5 kb (12). These
data show that the transcribed portion of the EF-la gene in
clone 2.2 is nearly centered around the 850-bp EcoRI
fragment with approximately 350 bp of the transcript extend-
ing beyond each end of this fragment (Fig. 4B).
One final experiment was carried out to determine

whether the three subclones represented three unique EF-la

genes. DNA restriction fragments isolated from flanking
regions (relative to the EF-la genes as shown in the S1
nuclease mapping experiment) of the three phage clones
were purified by agarose gel electrophoresis (Fig. 5A). These
three DNA restriction fragments and the 850-bp EcoRI
fragment were 32P labeled to' high specific activity by nick
translation and used to probe a Southern blot of M.
racemosus genomic DNA (80 pLg) digested to completion
with HindlIl. The restriction fragments were resolved by
agarose gel electrophoresis (20 pLg of DNA per lane) and
transferred to a nitrocellulose filter. Individual lanes were
then incubated with the DNA probes (Fig. SA). The filters
were washed and exposed to X-ray film. Each of the flanking
probes hybridized to a unique HindIII fragment (Fig. 5B,
lanes 3 to 5) corresponding to one of the bands which
hybridized to the 850-bp EcoRI EF-la probe (Fig. SB, lane
2). This experiment shows that the flanking regions of the
three subcloned genes are not homologous and that the three
EF-la genes reside at unique locations in the M. racemosus
genome.

Partial DNA sequence analysis of one EF-la gene. A 3.4-kb
BamHI/SalI fragment from the subcloned 7.5-kb BamHI
fragment (Fig. 3B) was purified by agarose gel electrophore-
sis. The DNA fragment was digested to completion with
TaqI, and the resulting restriction fragments were ligated
into the AccI site of M13mplO (J. Messing and J. Viera,
unpublished data). We have determined the nucleotide se-
quence of a small number of these TaqI shotgun clones by
the procedure of Sanger and Coulson (36). The nucleotide
sequences of two clones, Taq37 and Taq87, were compared
with the nucleotide sequence of S. cerevisiae TEFI by dot
matrix analysis (Fig. 6) by using a 4-in-5-bp match (80o).
These two M. racemosus clones showed extensive homol-
ogy to two separate regions of the S. cerevisiae gene,
confirming our earlier conclusion that the subcloned M.
racemosus genomic DNA fragments contained the gene for
EF-la from M. racemosus.

DISCUSSION
The cloning of the three EF-la genes from M. racemosus

was accomplished by the initial identification of a cDNA
clone which hybridized specifically to mRNA, which pro-
grammed the synthesis of EF-la protein when translated in
vitro. The nucleotide sequence of the cDNA clone was
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FIG. 5. Southern blot analysis of M. racemosus genomic DNA with 32P-labeled DNA probes from regions flanking the EF-la genes. (A)
DNA restriction fragments indicated by A, B, and C were purified by agarose gel electrophoresis. The location of these restriction fragments
relative to the EF-la transcript is shown by the hashed lines. (B) Lanes: 1, molecular size markers; 2, M. racemosus DNA hybridized to the
850-bp EcoRI fragment; 3, M. racemosus DNA hybridized to flanking probe B; 4, M. racemosus DNA hybridized to probe A; 5, M.
racemosus DNA hybridized to probe C. Bam, BamHI; Eco, EcoRI; Hin, HindIII; Hpa, HpaI; Pst, PstI; Pvu, PvuII.

determined and compared with that of the S. cerevisiae
EF-la gene, TEFJ, by dot matrix analysis. A significant
region of homology was found beginning at position 840 in
the TEFI gene. From these combined data, we conclude that
the M. racemosus cDNA is indeed part of the structural gene
for EF-la. The cDNA clone was used as a probe to identify
a genomic clone (850-bp EcoRI fragment). With the nick-
translated genomic fragment, we screened a XgtWES * XB
gene library and identified three groups of XIM. racemosus
clones based on their restriction endonuclease fragment

a.

S.

a
0

. *. s . -
s. .s- ; s-

\ .s .|s,: ...

X \ N \.N s
*s *\s s.. x s\ ....... v *- \

ss '.' ' ;s
s \" ' s

s ^s ^ N ^s *s

; s
*s s

>
s * \

. s s.
s

' ^

.

... s .

. I I
Is \-

..
*

,
I.Z

\1i

I TewTT Clow

patterns with EcoRI. BamHI restriction fragments corre-
sponding to the BamHI genomic fragments seen on Southern
blots were subcloned into pUC9, and restriction endonucle-
ase maps were generated. Two EcoRI sites marking the ends
of the 850-bp genomic fragment and PstI and HindlIl restric-
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three genes at unique locations in the M. racemosus genome.
To lend further support for this notion, we probed a HindIII
digest of M. racemosus genomic DNA with nick-translated
restriction fragments from similarly located flanking regions
of the three clones (relative to the EF-la coding region).
Each flanking probe hybridized to only one of the three
individual HindIlI fragments, while an EF-la probe (850-bp
EcoRI fragment) hybridized to all three genomic bands.
The role of multiple genes coding for EF-lot in eucaryotic

systems is not clear. In S. cerevisiae, TEF1 and TEF2 are
very closely related genes with only two bp differences
between the genes in the entire open reading frame for the
deduced protein sequence. Neither of these differences
changes the primary structure of the protein (37). When
TEF) is inactivated by deletion (37) or TEF2 is inactivated
by insertion of foreign DNA (9), haploid cells are able to
grow, indicating that both genes are actively transcribed, but
that only one gene is needed to supply the necessary protein
for cell growth. It is possible that each of the genes is
regulated independently such that changes in the require-
ments for EF-la determine the degree to which these genes
are active. This may provide a crude mechanism to regulate
the EF-la protein levels in the cell.
The actin genes in Drosophila represent one well-

documented example of a gene family in which the individual
genes are developmentally regulated (15, 40). There are six
genetic loci for actin in Drosophila (5C, 42A, 57B, 79B, 87E,
and 88F) coding for six related but different forms of this
contractile protein. By using gene-specific probes, Fryberg
et al. discovered that the actin genes are expressed in a
tissue-specific manner (13). They also reported that no two
genes displayed identical temporal patterns of expression
during development of the organism to maturity. Two of the
actin genes, SC and 42A (nonmuscle actins), were found to
be relatively more abundant during embryogenesis and pupal
development but less abundant during muscle development.
The expression of actins 57B and 87E was found mainly
during larval muscle development, while the remaining two
actins, 88F and 79B, were expressed almost exclusively
during adult muscle development. The EF-la genes in M.
racemosus could represent this kind of gene family in which
the proteins, though closely related, could function at dif-
ferent times in the M. racemosus life cycle. It has been
reported that the rate of protein synthesis in M. racemosus is
subject to regulation during cellular morphogenesis (32, 33).
One could envision that differential synthesis of proteins
with different specific activities brings about the changes in
translation rate observed during morphogenesis.
Now, we do not know the number of EF-lot genes which

are actually expressed in M. racemosus. Si nuclease map-
ping of the three subcloned genes with total M. racemosus
RNA revealed the presence of two major protected DNA
fragments (1.5 and 1.45 kb) and at least one minor protected
fragment (1.2 kb). The presence of multiple bands in the S1
nuclease analysis indicated the presence of more than one
EF-la transcript in the RNA population. These results may
suggest that more than one EF-lt gene is being transcribed
in M. racemosus, yielding two or more different RNA
molecules with short regions of nonhomology. However, the
results do not rule out the possibility that only one gene with
multiple promoters or terminator sequences (or a combina-
tion) leads to the accumulation of several transcripts with
different lengths. It is possible that these different-length
transcripts were resolved in the S1 nuclease analysis but
could not be resolved in Northern blot analysis because of
the heterogeneity in length of poly(A)+ tracts on the EF-lt

transcripts. When a similar Si nuclease experiment was
carried out on the two S. cerevisiae EF-l genes, two DNA
fragments at the 3' end of the gene, differing in length by 100
bp, were protected by the EF-la mRNA. Only one DNA
fragment was protected when the 5' end of the transcript was
mapped (37). Since the S. cerevisiae EF-lt genes are
essentially identical throughout the open reading frame and
are only 40% homologous in the nontranslated regions (5'
and 3'), it was concluded that the two mRNA transcripts are
identical up to the protein synthesis termination codon but
diverge sufficiently beyond this point to account for the two
bands on the S1 nuclease analysis. Perhaps a similar situa-
tion exists in M. racemosus with its three EF-la genes. We
are pursuing this line of research with the aim of isolating a
unique probe for each of the three EF-la genes to analyze
gene expression at the transcriptional level during
morphogenesis.
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