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ABSTRACT: A cDNA denoted pRK270 hybridizes to two mRNA species in RNA blots. The mRNAs specific 
to this clone are not expressed during vegetative growth and multicellular development. They are, however, 
found predominantly during early stages of spore germination, suggesting that their synthesis is rapidly and 
coordinately turned on during germination. Two different cDNAs named 270-6 and 270-1 1 were isolated, 
representing the two mRNAs. DNA blot analysis shows that 270 is a multigene family. Four genes were 
isolated from Dictyostelium genomic libraries and sequenced. The putative proteins coded for by these genes 
are about 51 000, 55000,76000, and 100000 Da. Two of the genes are expressed during spore germination 
while transcripts for the other two are not present during spore germination, vegetative growth, or the stages 
of multicellular development studied. The cDNAs and genes code for deduced proteins that possess a very 
unusual internal amino acid repeat comprised of the tetrapeptide threonine-glutamic acid-threonine-proline. 
The other portions of the proteins have no homology among themselves. The 270-6 protein shows excellent 
identity with avocado (Persea americana) cellulase, indicating that it may function as an endo-( 1 ,~)-P-D- 
glucanase. 

Dictyostelium discoideum is a favorable organism for 
studying the macromolecular events coincident with and 
necessary for eukaryotic development. The life cycle is short, 
and development can be synchronized and separated from 
vegetative growth (Sussman & Brackenbury, 1976). Conse- 
quently, biochemical and morphological changes that occur 
can be correlated, and developmentally critical events may be 
revealed. In addition, the organism has a small genome, which 
makes its analysis and selection of specific genes easier than 
in more complex eukaryotes. 

One of the central problems of developmental biology is to 
determine the nature of the mechanisms that control the ac- 
tivation and expression of developmentally critical genes. For 
this purpose it is first necessary to isolate and identify these 
genes. In previously reported work we identified proteins that 
are developmentally regulated during spore germination 
(Dowbenko & Ennis, 1980; Giorda & Ennis, 1987; Giri & 
Ennis, 1978; Kelly et al., 1983). Spore germination in D. 
discoideum, similar to other stages in slime mold development, 
is accompanied by developmentally regulated changes in both 
protein and mRNA synthesis (Dowbenko & Ennis, 1980 Giri 
& Ennis, 1978; Kelly et al., 1983), and this makes the process 
a favorable one for developmental studies. A number of cDNA 
clones were isolated representing mRNA that is present only 
in spores and/or during spore germination, and these cDNAs 
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have been used to isolate specific genomic sequences. One 
developmentally regulated cDNA on which the present study 
focuses, named pRK270, hybridized to mRNA present almost 
exclusively during early spore germination. This mRNA did 
not accumulate during growth or multicellular development 
and was present in very low concentration in dormant spores 
(Kelly et al., 1983; Shaw et al., 1986). pRK270 is a member 
of a multigene family containing four different genes, and we 
have isolated and sequenced all of them. A common feature 
of the deduced protein sequences is an internally located repeat 
of the tetrapeptide threonine-glutamic acid-threonine-proline. 

EXPERIMENTAL PROCEDURES 
Previously Described Methods. All methods involving 

growth of D. discoideum, preparation of spores and analysis 
of spore germination, isolation of RNA and DNA, RNA and 
DNA blot analysis, labeling of DNA probes, DNA sequencing, 
and sources of materials were those described (Giorda & 
Ennis, 1987). 

Preparation of cDNA and Genomic Libraries. cDNA li- 
braries were prepared from poly(A)+-selected 1.5-h germi- 
nation RNA. The libraries were constructed in XgtlO as 
described by the manufacturer of the cloning kit (Amersham, 
Arlington Heights, IL). The two cDNAs isolated were named 
XT0270-6 (which contains the sequences of the original 
pRK270 clone but is longer) and XT0270- 1 1. 

A genomic library of sheared AX3 DNA, to which were 
added EcoRI linkers, was cloned in XZAP bacteriophage by 
Strategene (San Diego, CA). Most clones were isolated from 
this library. Clone 270-P was isolated from another library 
constructed by using approximately 6-kb EcoRI fragments 
inserted into XgtlO. One small clone containing the 270-1 1 
intron (270-PCR) was constructed by using the polymerase 
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FIGURE 1 : Developmental expression of 27O-specific mRNA during 
D. discoideum spore germination and multicellular development. Total 
RNA (10 pg/lane) isolated from dormant spores (S), spores at 1.5 
h (1.5) and 3 h (3) of germination, vegetative cells (V), and cells at 
14 h (14) and 20 h (20) of multicellular development were fractionated 
on a 1.5% agarose696 formaldehyde gel, transferred to Gene Screen, 
and hybridized to nick-translated plasmid probe. The filter was washed 
and exposed to X-ray film. The markers are D. discoideum ribosomal 
RNAs. Panel A: a 540-bp fragment of 270-1 1 (probe 2 in Figure 
2) was used as probe. Panel B: the probe was a 340-bp fragment 
of 270-6 (probe 1 in Figure 2). The sizes of ribosomal RNA markers 
are indicated. 

chain reaction (White et al., 1989). The notation given for 
the various clones is presented in Figure 2. 

Positive clones were subcloned either in M 13mpl8 (Yan- 
isch-Perron et al., 1985) or Bluescript (Stratagene). Sequential 
deletions to allow complete sequencing of each clone were 
obtained by ExollI/Sl nuclease treatment (Henikoff, 1984), 
preferably in both directions. Single-stranded DNA was ex- 
tracted from M 13 as described (Giorda & Ennis, 1987) and 
from Bluescript by superinfection with R408 helper phage 
according to the manufacturer’s instructions. 

The sequences obtained were stored and processed by using 
the DNASTAR program (DNASTAR, Inc., Madison, WI) 

pT0 270-6 cDNA 
AZAP 5270-6 

AZAP 270G-A 

pTO 270-1 1 cDNA 

AZAP 68 
270-11 PCR 

2704 
I H D  

and the Genetics Computer Group sequence analysis software 
package version 6.0 (Devereux et al., 1984). 

RESULTS AND DISCUSSION 
In higher eukaryotes’ short discrete sequences have been 

shown to be necessary for both temporal and spatial tran- 
scription to occur (Jaynes & O’Farrell, 1988; Landschultz et 
al., 1989; Turner & Tjian, 1989). The interaction of trans- 
acting cellular protein factors with cis-acting DNA sequences 
regulates transcription of differentially expressed genes (Jaynes 
& O’Farrell, 1988; Landschultz et al., 1989; Turner & Tjian, 
1989). In order to understand gene regulation in Dictyoste- 
fium it is therefore necessary to identify all elements essential 
for temporal and spatial inducibility of regulated genes. 

Because we are interested in understanding gene structure 
as it relates to developmental regulation, we initiated a study 
to identify such regulated genes in the cellular slime mold. The 
fact that the organism has a small genome makes it a highly 
favorable one for the analysis and selection of particular genes. 
A previously isolated cDNA clone, denoted pRK270 (Kelly 
et al., 1983), hybridized to two mRNA species specific for 
spore germination, the larger one about 2900 nt and the 
smaller one 2000 nt. By use of pRK270 as a probe, two 
different full-length cDNAs were isolated from a Xgt 10 1.5-h 
germination library. XT0270-11 (Figure 1, panel A), which 
represents the 2000-nt mRNA species, and XTO270-6 (Figure 
1, panel B), which is the 2900-nt species, seem to be regulated 
coordinately. Although a large number of 270-specific cDNA 
clones were screened, no other different cDNAs were iden- 
tified. RNAs specific to the two clones were not found during 
vegetative growth and multicellular development. The 
mRNAs were present at very low concentration in dormant 
spores and their concentrations increased rapidly during the 
early stages of spore germination, indicating that 270-specific 
mRNA synthesis might be rapidly turned on during germi- 
nation. The RNAs accumulated to a peak concentration after 
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FIGURE 2: Genomic organization and restriction map of 270 genes. The DNA fragments shown are the entire extents of the genes and their 
surrounding regions that have been isolated and sequenced. The closed boxes are the open reading frames deduced from the sequence data. 
The open boxes within these regions are the repeats (see Figures 3 and 5). The interruptions in the closed boxes at the 5’-end of 270-6 and 
270-1 1 indicate the introns. The open boxes denoted ORF represent open reading frames deduced from the sequence. The orientation of the 
open reading frames is indicated by the arrow and shows the sense direction. Regions of the DNA fragments used as probes for RNA (Figure 
1 )  and DNA blot (Figure 4) are denoted by the lines marked 1-4 under each sequence. The length and location of the cDNA and genomic 
clones are presented as lines below the gene map. The numbers in parentheses are the lengths in nucleotides of the genomic fragments. The 
letters are abbreviations for restriction enzymes: A, AuaII; C, ClaI; D, HindIII; E, EcoRI; H, HincII; M, BamHI; N, XmnI; T, HueIII; V, 
EcoRV; and X, Xbal. 
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MTTATTATMCCAAAAATTMTTMTTT~CTMGMCTATAGTTCTGAGATTTTCTAGTTTTTTTCAAATAATATGATTTCT 
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GTTTATTATTTTTATGTACTATAAATTTCAAATTCCTATATCTAAATTTTTMTATTTCTAAATTTTTATAAATTAAAACCAATAT~ 

ATATT~TTGTATATTATTMTMTATTTGGGTTGGTCATTATTATCAACTCAATTMTTMTGgtaaagtataaaaaaaaaaaaa~aaaaaa 
I L K N C I L L I I F G L L S T Q L I N A  
aatattatatttcttaaacaaaaaaaaaaacaaaatattaattcttaattttttttttattagCGGATACCGATTATTGTTCATTACTTG 

D T D Y C S L L E  
AAAATGCATTMTGTTTTATATGAATAGAGCTGGTCGTTTACCAGATMC~TATACCATGGAGAGGTMTTCAGCATTGMT~TG 
N A L M F Y K M N R A G R L P D N D I P W R G N S A L N D A  

CAAGTC~TTCAGCTAAAGATGCCMTGGTGATGGTMTTTMGTGGTGGTTATTTT~TGCTGGTGATGGTGTTAAATTTGGTTTAC 
S P N S A K D A N G D G N L S G G Y F D A G D G V K F G L P  
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CAACCCCAACAGTMCACCAACTGAAACTCCATCMGTGGAGAATCTTTATCMTCTATAAAAGT~TT~TGATTTC~GATT 
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GGTCATGGGGTMGCATTCATTMCTGATACAACAMTGTTGTTGMTCTGGAGAAACCAATTCMTTTCATTTACAC~~ATATGGTG 
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CAGTATTTTTAGGATGTTTCGAATGTATTGATACTGATACATACMTMTATTGMTTTGATATTMTGGTGGTAGCAGTGGTGCTCAAT 
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TATTMGAATMCTGTTGTTAAAMTAGTAAATCTGTTGGTTCCAAATTMTTACCGATCTTMTGGTGGAACTCCMTCGM~TT 
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TMGTGTTTTCGAAATTTTCTATAGATATATATCT~GAAATMTTTACCCATACTTTTTTAGATTTTT 

AAATATTATTTATTTMTTATTTTTTCTATACTGTMTCTATCATTTTAGATATTGACAAATTAAATTTTAAAAC~ 
AAACTTTATTTTATTTTM~TGCCACAATTTTG~TGTTTAAATATTTATTTTTAATTTTATTTAGGTGGAAACCGGTTTTA 

T T T T ~ T T T T T T c T T T T T M T A A A G T T T T T ~ T T T A A T A T A T T  
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MTTMCGGGACAAATTGGTGATACMTCTCTTTTTATACAAGTGATGGAAATTCTCATGATGT~GTTCA~TGGTTCTGTTTCGT 
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S V F S G S L T N P G I F K V T L T K E G N I E F T S S Y D  
ATGMGGTCTTTCTGCAACMTAGTAGTTTCTTCTGGTGGTCAAATTCCGATTACAACMCTTCATCMCTACMCT~TGGTAGTTCM 

E G L S A T I V V S S G G Q I P I T T T S S T T T D G S S T  
CCCCTTCCACTCCMCTTCMCMCTTCAGCCTCMCTACTACMGTGGTGGTAGTGCTACMCMCAACAGGAGMCCMTTACTGATG 

Y S L F L L F A L I S A T F A N  

CAAGTGTTTTCTCTGGTAGTCTTACAAATCCTGGAATTTTCMGGTMCACTTACTAAAGMGGTMTATTGAATTTACCAGTTCATATG 
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CMTCAATCCAGAGGAAACCATTATCTTTGGTTATATCTCTA~TAGTACTGATGTTACATTTGCTTTAAGTCCAA~TGTTCAGATT 

I N P E E T I I F G Y I S R N S T D V T F A L S P T C S D S  
CATCAAGTCCAACTCCAACTCCTACT~~CTCCAACT~~CTCCAACTGA~CTCCAACTGAGACTCCAACTGA~CTCCAACTG- 

S S P T P T P T E T P T E T P T E T P T E T P T E T P T E T  
CTCCAACTGAAACTCCAACTGAAACTGAAACTCCAACACCAACACCATCAA~TCATCTAGTGATGTA~TAGTGGTTCATCATCTGAAA 
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TTGAAACCCCAACACCAACTGAAACTGATACCCCAACCCCAACACCATCAAGTTCTTCAAGTGAAGGAAGT~T~T~T~GAAACTC 
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FIGURE 3: Nucleotide and amino acid sequences of 270-6 and 270-1 1 genes. The sequence of 270-6 presented in this figure includes nucleotide 
numbered 1201-3870 in the map presented in Figure 2. The sequence of 270-1 1 is from nucleotide 1 to 3060 (which is the complete fragment 
shown in Figure 2). They represent an arbitrary selection of some of the 5’-upstream and 3’-downstream sequences, but all of the deduced 
coding regions. Position +1 in the figure is defined as the first base of the putative initiation codon of the 270 protein. The nucleotide number 
is given on the left and the amino acid residue number on the right. The repeat regions are double underlined. The arrows indicate the extent 
of cDNAs XT0270-6 and XT0270- 1 1. The introns are shown in lower case letters. Possible poly(A) adenylation sites are underlined with 
a wavy line. Amino acids are denoted in the single letter code underneath the nucleotide sequence. 

1-2 h during germination and their levels declined thereafter. 
These results showed that 270 mRNA was developmentally 
regulated during Dictyostelium development. 

DNA blot analysis of Dictyostelium genomic DNA indi- 
cated that the 270 genes constituted a multigene family com- 
prised of probably four or five different genomic fragments 
(data not shown). Consequently the genes representing the 
270 family were isolated from various genomic libraries and 
sequenced and their genomic organization established. Four 
genomic fragments were isolated (Figure 2). From sequence 
data (Figure 3), it was possible to establish that genomic 
fragments 270-6 and 270-1 1 represented cDNAs XT0270-6 
and - 1  1 ,  respectively. 

The location of each of the genomic clones on individual 
restriction fragments of genomic DNA was determined. The 
respective probes indicated 1-4 in Figure 2 were used to screen 
DNA blots of genomic DNA cleaved with the indicated re- 
striction enzymes. The results presented in Figure 4 show that 
each of the genomic clones was represented by a different 
single copy sequence in the Dictyostelium genome. 

If  each gene represents a unique sequence, what is their 
common feature that allows cross hybridization among them 
all? It is obvious from the sequences presented in Figure 3 
that the common feature is a sequence that codes for an un- 
usual internal amino acid repeat comprised, in the most part, 
of the tetrapeptide threonine-glutamic acid-threonine-proline. 
The relevant repeats among the deduced proteins are presented 
in Figure 5. 270-6 and 270-P had single long repeats of the 
tetrapeptide, while 270-1 1 and 270-G3 had two of the repeat 
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FIGURE 4: Genomic localization of 270 sequences. Five micrograms 
of nuclear DNA was digested to completion with Hind111 (H), Hind111 
plus EcoRI (E/H), or EcoRI (E), size-fractionated on a 0.8% agarose 
gel, transferred to nitrocellulose, and hybridized to the indicated 
nick-translated probe. The washed filter was exposed to X-ray film. 
The positions of the relevant size markers in bp (A phage digested 
with Hind111 and 8x174 digested with HueIII) are indicated. Panels 
1-4 represent results using the respective probes marked 1-4 on the 
restriction map in Figure 2. Note that none of the probes contained 
the common repeat but represented unique sequences. 

regions separated by a stretch lacking the repeat. The codons 
CCA for proline, ACU and ACA for threonine, and GAA for 
glutamate were used overwhelmingly in the repeats. This is 
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270.11 CDM 301 PTCSDSSSP 

270P 187 PSSTPEESP 

nom63 169 IIWRVOFNP 
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FIGURE 5 :  Amino acid sequences of the Dirtyosrelium 270 internal repeats. cDNA clones hT0270-6 and hT0270-11 and all genomic clones 
(see Figure 2) were sequenced. Only the relevant amino acid repeats of the deduced proteins are presented to show the homology, including 
some flanking amino acids. The sequences shown represent the open boxes contained in the 270 coding regions presented in Figure 2. The 
number to the left of the sequence is the amino acid number of the respective protein. The amino acids are presented in the single-letter code 
and the enclosed boxed letters are part of the repeat. 

consistent with the normal codon usage for these amino acids 
in Dictyostelium (Warrick & Spudich, 1988). 

The portions of the deduced proteins that did not contain 
the repeat did not have homology among themselves (data not 
shown) and thus represent distinct proteins that merely share 
a common repeat. 

270-6 coded for a deduced protein containing 705 amino 
acids with a minimum molecular weight of 75 918. It con- 
tained one small intron (Figures 2 and 3). The 1344 bp 5‘ 
to the initiator codon should contain regulatory sequences, and 
we therefore will be able to study the regulation of this gene’s 
expression in the Dictyostelium transformation system using 
the properly constructed vectors (Cohen et al., 1986; Early 
& Williams, 1987; Nellen et al., 1984). The gene contained 
one long repeat of the tetrapeptide. The putative protein is 
likely to contain a hydrophobic leader sequence. 

The 270- 1 1 sequence was incomplete, lacking most of the 
5’ nontranscribed portion. Although we have tried numerous 
ways to clone this region, screening a variety of genomic li- 
braries, we have been uniformly unsuccessful in accomplishing 
it. Like 270-6, gene 270-1 1 contained a small (87 bp) intron 
close to the 5’-start of the coding region. The single open 
reading frame coded for a deduced protein of 532 amino acids 
and 55 2 13 molecular weight. 

Two other genomic sequences that hybridized with the 
pRK270 probe were also isolated. Although these have been 
sequenced, they were not presented here. One of these, 270-P, 
coded for a deduced protein containing 460 amino acids of 
molecular weight 51 267 and the other, 270-G3, 893 amino 
acids of molecular weight 100210. No cDNAs specific to 
these two sequences were found during extensive screening of 
libraries, nor were transcripts found in RNA blots similar to 
those presented in Figure 1 (data not shown). Inspection of 
the sequences of and adjacent to these genes does not give any 
evident reason why they should not be transcribed. Perhaps 
these genes are transcribed but the mRNAs are in such a low 
concentration or so labile that they are undetectable by the 
method used, or they are transcribed during a time in de- 
velopment that we have not analyzed. We have found similar 
lack of transcription of “normal” looking genes in the Dict- 
yostelium 109 genes (Giorda et al., 1989). It is noteworthy 
that recently an ostensibly normal mouse major urinary protein 
gene was found to be silent in the genome of BALB/cByJ mice 
but expressed when introduced as a 9.4-kb DNA fragment in 
the mouse germ line. The results suggest that the lack of 
expression in the genome may be due to an inhibitory position 
effect, and not to nonfunctional or missing regulatory elements 
(Shi et al., 1989). 

It is noteworthy that unrelated open reading frames were 

closely linked to three of the genes (Figure 2). This is not 
unusual in Dictyostelium because the genome size is small 
(Driscoll & Williams, 1987; Giorda et al., 1989; Kimmel & 
Firtel, 1982). Fifty percent of the total proline residues present 
in the proteins are found in the repeat regions. This region 
can form an extended chain in proline-proline conformation, 
which could be used to project the proteins into the outside 
of the cell (Early et al., 1988). Thus the similarity due to this 
particular structure may indicate proteins whose functions may 
be different but that have to extend outside the cell to function. 

The latter idea is supported by lack of homology among the 
proteins. Computer-assisted amino acid alignment of the 
deduced 270 proteins shows that the only similarity among 
the proteins is in the repeat. The other portions of the mol- 
ecules define products of different single-copy genes. Com- 
puter-assisted comparison of the 270-6 deduced protein with 
the Swiss protein and NBRF protein data bases using the 
alignment algorithm of Pearson and Lipman (1988) imple- 
mented by the UW-GCG sequence analysis software package 
(Devereux et al., 1984) was also done. It was found that the 
270-6 protein is very similar in amino acid sequence to avocado 
(Persea americana) cellulase (Tucker et al., 1987), which is 
an endo-( 1-4)-P-~-glucanase (data not shown). The complete 
avocado protein (495 amino acids) was compared with that 
region of the 270-6 protein N-terminal to the repeat (460 
amino acids) and 36% of the amino acids are identical and 
58% represent identical plus conservative changes. 

Cellulose is a component of the spore cell wall (Hemmes 
et al., 1972), and therefore the 270-6 protein may be a cellulase 
that digests the wall during spore germination, to allow the 
release of the enclosed amoeba. It would not be required at 
other stages of development, consistent with the known ac- 
cumulation of the 270-6 mRNA only during early spore 
germination (Kelly et al., 1983; Shaw et al., 1986; Figure 1) 
and its short half-life (Kelly & Ennis, 1985). The other 270 
proteins have no similarity to other proteins in the data bank. 
There is therefore no hint as to their function in slime mold 
development. 
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ABSTRACT: ESR spectrometry with 5-, 7-, IO-, and 12-doxylstearate probes and a combined index considering 
separately the double-bond numbers of essential and nonessential fatty acids were used to investigate the 
structural role of the double bonds of polyunsaturated fatty esters in membrane phosphoglycerides. Purified 
brush border membrane vesicles were prepared from the jejunum of piglets receiving either high (HLA) 
or low (LLA) dietary levels of linoleic acid (18:2 n-6). In the LLA as compared to the HLA group, there 
were no significant modifications of (a) the relative contents of cholesterol, phospholipid, and protein and 
of (b) the phosphoglyceride class distribution, contrasting with very large changes in the fatty acid compositions 
of each phosphoglyceride. These changes were characterized by an increase in nonessential monoene and 
triene (1 8: 1 n-9 and 20:3 n-9) and a decrease in essential diene (1 8:2 n-6) in LLA- as compared to HLA-fed 
piglets. The essential tetraene 20:4 n-6 remained rather constant despite an overall nonsignificant increase 
in the LLA group. The total double-bond number (TDBn) was not significantly affected, contrasting with 
the variations in the double-bond numbers of essential and nonessential fatty acids (DBnEFA and DBnnonEFA, 
respectively). The combined DBnEFA/DBnnonEFA index was 1.7-3.3 times lower in LLA than in HLA 
membrane phospholipids. It was concluded that the diet was able to affect the double-bond distribution 
in the upper and inner half-parts of the membrane leaflet without changing the total number of double bonds. 
Concomitantly, besides a general decrease in the order parameter with the lipid matrix depth (the order 
profile), a shape change in the order profile was observed in a comparison of LLA to HLA piglet membranes. 
Therefore, it was tempting to consider these modified profile shapes as organizational consequences of changes 
in the double-bond depth-directed distribution. This supports the idea that the position of double bonds 
in the membrane depth could play a major structural role, providing the essential polyunsaturated fatty 
acids (EPUFA) with specific features due to their peculiar double-bond distribution and thus emphasizing 
the “non-eicosanoid” EPUFA function(s). 

%e most common conformation of lipids in biomembranes 
is known to be the bilayer structure (Luzzatti, 1968). In the 
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outer faces of the bilayer, cohesion mainly originates both in 
the covalent anchorage of chains on the glycerol backbone and 
in the hydrophilic interactions of the head groups. Deeper in 
the interior of membranes, it is brought about by the hydro- 
phobic interactions between the closest hydrocarbon chains 
(Lenaz & Castelli, 1985). These interactions near the surface 
and deeper have mutual stabilizing effects. They are modu- 
lated by chemically functional different groups of the phos- 
pholipid molecular structure, i.e., the nature of the polar head 
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