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To elucidate the primary structure of preproenkephalin (A) mRNA expressed by haploid germ ceils (round spermatids) 
in rat testis, we have screened a 2gtl 1 eDNA library for preproenkephalin eDNA inserts. The largest eDNA insert con- 
tained a protein-coding sequence encoding 269 amino acid residues as well as 327 and 309 bases of the 5'- and 3'-untrans- 
lated regions, respectively. The protein-coding region plus 3'-untranslated region of the mRNA was over 99% homologous 
to that of brain preproenkephalin mRNA, whereas the 5'-untranslated region contained a distinct sequence including 
a partial sequence of intron A of the preproenkephalin gene [(1984) J. Biol. Chem. 259, 14301-14308; (1984) J. Biol. 
Chem. 259, 14309-14313]. Northern blot analysis using a 5'-end-specific probe showed that this type of preproenkephalin 

mRNA exists exclusively in the germ ceils. 

Preproenkephalin; mRNA; Untranslated region, 5'-; Intron A; Neural cell lineage; (Rat spermatid) 

1. INTRODUCTION 

Enkephalins (Met- and Leu-enkephalin) are 
widely distributed in the peripheral and central 
nervous systems. Recently, mRNA encoding Met- 
enkephalin precursor, preproenkephalin (ppEnk), 
has been found not only in the nervous systems but 
also in various non-neuronal tissues such as lym- 
phocytes [1], heart [2], and reproductive systems 
[3]. In the testis, spermatogenic germ cells [4,5] 
and Sertoli cells [6] contain ppEnk mRNA. The 
size of ppEnk mRNA in the germ cells is 
1.7-1.9 kb, which is larger than those found in 
other tissues (1.45-1.5 kb) [4,5]. This specific type 
of ppEnk mRNA can be translatable into a precur- 
sor because Met-enkephalin immunoreactive pep- 
tides are generated by limited proteolysis of the 
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extracts of haploid germ cells [5]. We report here 
the primary structure of this germ cell-specific 
ppEnk mRNA, which contains a distinct 
5'-untranslated sequence derived from an in- 
tervening sequence of the ppEnk gene. 

2. MATERIALS AND METHODS 

2.1. Preparation of haploid germ cells 
Haploid germ cells (round spermatids) were purified from 

testes of 125-day-old rats (Wistar strain) according to the Per- 
coil centrifugation method in [5]. The DNA content (5.1/~g 
DNA/106 cells) of the haploid cell preparation was 53°70 of rat 
diploid fibroblasts. 

2.2. Construction of haploid germ cell eDNA library 
Total cellular RNA was purified from the germ cell prepara- 

tion by the differential ethanol precipitation method [7]. 
Poly(A) + RNA was purified from total RNA by oligo(dT)- 
cellulose affinity chromatography. Oligo(dT)-primed double- 
stranded eDNA was synthesized from poly(A) + RNA, ligated 
with linkers, and cloned into the EcoRI site of Agtll vector 
(Amersham). 

2.3. Isolation of ppEnk cDNA and sequence analysis 
Phage clones carrying ppEnk eDNA were screened by 
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hybridization with an Smal/Sacl fragment prepared from rat 
brain ppEnk cDNA (pRPE2) [8]. The largest cDNA insert 
prepared from one of the hybridization-positive phage clones 
was subcloned into the pSPT18 plasmid for DNA preparation, 
and appropriate restriction fragments were then prepared for 
nucleotide sequencing. The sequences were determined by the 
dideoxy chain-termination method [9] using both M13 
(Toyobo) and pBluescript II (Stratagene) systems. The cDNA 
fragments were sequenced in both directions from EcoRl- 
cleaved ends and from three internal PstI sites. The sequence 
data obtained were analyzed using a computer program 
(Genetyx, Software Development, Tokyo). 

2.4. Northern blot analysis 
Total RNA was prepared from the following tissues and cells 

as described previously: two brain regions (striatum and frontal 
cortex) of a male Wistar rat (90 days old) [10], germ cells (round 
spermatids) [5], cultured Sertoli cells treated with follicle- 
stimulating hormone (FSH) (0.5/zg/ml, 12 h) [6], and cultured 
C6 glioma cells [11]. Purified RNA was electrophoresed on a 
6% formaldehyde/1.2% agarose gel, and blotted onto a nylon 
membrane (Hybond N, Amersham). RNA blots were hybridiz- 
ed with 32p-labeled probes under the conditions in [8]. 

3. R E S U L T S  

A b o u t  50000 phage clones in the haploid germ 
cell c D N A  library were screened for  ppEnk  c D N A  
sequences. Seven clones showed positive hybridiza- 
t ion signals, o f  which three were found  to contain 
the largest inserts (about  1.5 kb), which all showed 
identical P s t I  restriction maps.  Thus,  we prepared 
the c D N A  insert f rom one o f  the three clones, 
designated AGE4, and analyzed its nucleotide se- 
quence.  

Fig. 1 shows the entire nucleotide sequence o f  the 
AGE4 cDNA.  The size was 1446 bases excluding 36 
bases o f  the poly(A) tail. Overall compar ison  with 
the previously determined sequence o f  p R P E 2  (i.e. 
a full-length ppEnk  c D N A  f rom rat brain library) 
revealed that  the sequence o f  nucleotides - 3  to 
1119 o f  the AGE4 c D N A  is more  than 99% 
homologous  to the corresponding region o f  
p R P E 2  (nucleotides - 3  to 1122); there are 4 
mismatches at positions - 2 ,  33, 34 and 829, 
whereas three nucleotides (UGU) at positions 
1020-1022 in the p R P E 2  c D N A  are absent f rom 
the AGE4 cDNA.  In contrast ,  the 5 ' -unt rans la ted  
region upstream f rom nucleotide - 4  showed no 
h o m o l o g y  to the 5 ' - e n d  region o f  the p R P E 2  
c D N A  (nucleotides - 155 to - 1). Interestingly, 
the transit ion point  between nucleotides - 4  and 
- 3 corresponds precisely to the junct ion between 

in t ron A (i.e. the intervening sequence between ex- 
ons I and II) and exon II o f  the rat ppEnk  gene 
[12]. Moreover ,  the sequence o f  nucleotides - 108 
to - 4  (the 105 bases boxed in f ig. l )  showed 98% 
h o m o l o g y  (2 mismatches) to the partially deter- 
mined 3 ' - t e rmina l  sequence o f  intron A [12]. Since 
the complete sequence o f  intron A o f  the ppEnk  
gene is unavailable at present,  it is unclear whether 
the rest o f  the 5 ' - e n d  region (nucleotides - 327 to 
- 1 0 9 )  is homologous  to an undetermined se- 
quence o f  in t ron A. On the other  hand,  this region 
showed no similarity to the previously determined 
sequence o f  the rat ppEnk  gene including the 
5 ' - r eg ion  o f  intron A (partially determined 129 
bases), 153 bases o f  exon I and 444 bases o f  the 
5 ' - f l ank ing  region containing the p romoter  se- 
quence [12]. Thus,  it seems likely that  the 5 ' - end  
region (nucleotides - 327 to - 109) o f  germ cell- 
specific ppEnk  m R N A  is derived f rom an as yet 
undetermined por t ion o f  in t ron A. 

The amino acid sequence deduced f rom the 
nucleotide sequence o f  AGE4 c D N A  is identical to 
that  o f  the brain ppEnk  [8] except for  one amino 
acid substitution; the nucleotide substitution at 
posit ion 34 alters Leu (pRPE2 cDNA)  to Val 
(AGE4 cDNA)  at amino acid residue 12. ppEnk  en- 
coded by the AGE4 c D N A  consists o f  269 amino 
acid residues including a signal sequence at the 
amino- terminal  as well as biologically active opioid 
peptides (i.e. Met-enkephalin,  Leu-enkephalin,  
Met-enkephal in-Arg-Gly-Leu,  and Met-enkepha-  
l in-Arg-Phe),  which are f lanked by pairs o f  basic 
amino acids (Lys, Arg).  

There are 5 sites o f  A U G  triplet in the putative 
3 ' -un t rans la ted  region (nucleotides - 3 2 7  to - 1); 
open  frames beginning with these A U G  sites are 
discontinued by translat ion terminat ion codons  
localized upstream f rom the initiating Met codon  
(positions 1-3) .  Thus,  it is unlikely that  ppEnk  
synthesized by haploid germ cells contains an extra 
sequence at the amino-terminal .  

Nor thern  blot analysis using a 5 ' -end-specif ic  
probe  showed that  a single 1.7 kb species o f  ppEnk  
m R N A  is present exclusively in the germ cells, but  
not  in FSH-st imulated Sertoli cells, striatum, 
cerebral cortex, or  C6 rat g l ioma cells (fig.2, upper  
panel). On the other hand,  these regions and cells 
other  than the germ cells conta ined the 1.5 kb 
species o f  ppEnk  m R N A  [6,10,11] as detected with 
a 3 ' -end-specif ic  probe (fig.2, lower panel). 
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-327 CUCGGAAGGACAGOAUGCCAUGCCAUCGGGAAGACAGGACUCCCCAAGOAGAACA--OG -271 

-270 XU~C~A~JCAG~A~ACAGGA6UC~GU~AUA~A~ACCUC~AGGAAGA~AGAAUG~CC~CAG~CA~CUGG~ACA~C~G~AA -181 
. . . . . . . .  A .A 

-180 ACAC~A~A~CUAUC~CU~GUU~A~CGGGAUUUUGUUG~U~GU~G~GGG~UCAGGAAA~AUU~C~U~CUG~UC~U~UC -91 

-90 ~AC~ACCACC~ACCC~CAA6~UUCC~U~I~A~A~AACCU6GUCA~AGA~A~AA~C6~CACA~GcAUUCUUCUU6CCAACA~c -I 
GC 

1 AU•GC•CAGUUCCU•AGACUUUGCAUCU•GCUCGUAG•GCUUGG•UCCUGCCUCCUGGCUACAGUGCA••CA(•ACUGCAGCCAGGACU•C 90 
B A Q F L R L C I W L V A L G S C L L A T V Q A D C S Q D C 

91 GCU~AUGCAGCUACCGCCUGGUACGUCCCGGCGACAUCAACUUCCU~GCAUGCACACUC~AAUGUGAAGG~CAGCU~CCUUCUUUCAAA 180 
A K C S Y R L V R P 0 D I N ? L A C TL E C E 0 Q L P S F K 

181 AUCUGGGAGACCUGCAAGGAUCUCCUGCAGGUGUCCAAGCCCGAGUUCCCUUGGGAUAACAUCGACAUGUACAAAGACA•CAGCAAACAG 270 
I W E T C K D L L Q V S K P E F P W D N I D B Y K D S S K Q 

271 GAUGA~AGCCACUUG~UA~C~AAGAAGUAUGGAGGGUUCAUGAAA~GnUAUGGAGG~UU~AU~AAGAAGAU~GAU~AGeU~A~C~Un 360 
D E S H L L A K K [Y G G F HIK RIY G G E BIK K B D E L Y P V 

361 GA~CCAGAA~AGGCCAAU~GA~CGA~AUCCUU~CCAA~A~GUAUG~CGGUUUCAUGAA~AAG~AU~CAGAU~AGG~AGACACCUU~ 450 
E P E E E A N G G E I L A K R[Y G G F MIK K D A D E G D T L 

d51 ~CC~CUCCUCCGACCUGCUGAAAGAGCUACUGGGAACAGGAGACAACCGUGCGAAAGAUAGCCACCAACAGGAAA~CACCAACAAU~A{ 
A N S S D L L K E L L G T G D N R A K D S H Q Q E S T N N D 

541 ~ACAGCACGA~CAAGAGGUAUGGGGG~UU~AUGAGAGGCCUCAAAAGAA~CCCCCAGCU~GAAGACGAAGCAAA~GAGCU~CA~AA~ 630 
E D S T S K RIY G G ? M R 0 L{K R S P Q L E D E A K E L Q K 

631 CGCUAUG•GGG•UU•AUGA•AAGGGU•GGGCGCCCCGA•U•GUGGAUGGACUAUCAGAAGA•AUACG•AG•CUUCCUGAAGC•CUUUGC{ 
RIY G G F B{R R V G R P E W W B D Y Q K RIY G G F L{K R F A 

721 GA~UCUCUACCCUCGGAU~AA~AAGGCGAAAGUUACUCUAAAGAAGUUCCCGAGAUG~AAAAAA~AUACGGA~GCUUUAU~CGGU~U~A 810 
E S L P S D E E G E S Y S K E V P E M E K RIY G G F M R F l 

C. 
811 A~CCC~CCCAGCAGUGA~CCCGGGCCCCCACUAGCCUGCUCCAUCCC~CGUGAGCAACUGCCCCAUCAGUGAUGUUUCUU~UCAUGUGC 900 

540 

720 

901 UGCUUGUGCUGUACAGUUGCCCUCGUGGUCUGGAUAACUGCUGCCUGAAAGCUGUGAUUUUUAG•GGGUUGUCUGUAUUCUUUUGAGUCU 990 

991 ~GAAGCUCAG~AUUGGUC~CUUGUGGCUAUGUUA~CAUGCUGAAACAG~C~G~A~CUCAUCCC~UCUGACAAAACG~CAA~AAAUGC~U 1080 

1081 AUUUGUAUAUAAAAAUAAUAAACCCGUGAACCCAACUGC 1119 

Fig. 1. Primary structure of  ppEnk mRNA in haploid germ cells. The nucleotide sequence of  ppEnk mRNA was deduced from that 
o f  the AGE4 cDNA. Nucleotide residues are numbered in the 5 ' -  to 3'-direction, beginning with the first residue of  the AUG triplet 
encoding the initiating Met, which has been tentatively assigned based on the analogy to rat brain ppEnk [8]. The single-letter amino 
acid notation is used. The boxed amino acid sequences are of  enkephalins and related opioid peptides. The arrowhead indicates the 
position of  the intron A/exon  II junction, and the boxed nucleotide sequence is highly homologous to the partially determined 3 ' -end 
sequence of  intron A of  rat ppEnk gene [12]. Two pairs o f  direct repeats of  26 bases (92% homology) and 21 bases (81070 homology) 
in the 5 '- terminal region are underlined and overlined, respectively. The nucleotides displayed above the mRNA sequence are 
mismatches seen in rat brain ppEnk cDNA (nucleotides - 2, 33, 34 and 829) [8] and rat ppEnk gene (nucleotides - 99 and - 108) [12]. 
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Like  ma tu re  enkepha l inerg ic  neurons ,  C6 
g l i oma  cells [11] and  as t rogl ia l  cells in p r i m a r y  
cul ture  [14] con ta in  a large a m o u n t  o f  p p E n k  
m R N A .  This  raises the poss ib i l i ty  tha t  the p p E n k  
gene is po ten t i a l ly  expressed by  i m m a t u r e  ceils dur-  
ing ear ly  per iods  o f  neuron-g l i a  deve lopment .  
Several  lines o f  evidence suggest  a close l inkage  
be tween  germ cells and  neura l  cells (review [15]). 
Thus ,  express ion o f  the  p p E n k  gene by  hap lo id  
germ cells m a y  expand  our  knowledge  concern ing  
molecu la r  mechan i sms  under ly ing  the genera t ion  
and  deve lopmen t  o f  cell l ineage in the nervous  
systems.  

Fig.2. Northern blot analysis of ppEnk mRNA in various cell~ 
and tissues using 5'- and 3' -end-specific probes, ppEnk mRNA 
in total RNA (2 ~g/lane) prepared from each cell or tissue was 
analyzed by Northern blotting. The RNA blots were hybridized 
with 32p-labeled probes specific for either the 5' -end (5' probe, 
upper panel) or the 3' -end (3' probe, lower panel), which were 
a 307-base EcoRI/HhaI fragment (nucleotides -327 to -21 of 
the sequence shown in fig.l) and a 530-base Pstl/EcoR1 
fragment (nucleotides 626-1119 plus 36 bases poly(A) tail), 
respectively. Numbers to the right are the sizes of hybridized 

signals. 

4. D I S C U S S I O N  

The  present  s tudy has shown tha t  the p p E n k  
m R N A  expressed by  hap lo id  germ cells encodes a 
p recur so r  ident ical  to  b ra in  p p E n k  except  for  one 
a m i n o  acid  subs t i tu t ion .  This  subs t i tu t ion  m a y  be 
due  to  a s t ra in  d i f ference  because  p p E n k  c D N A s  
f r o m  Fischer  ra t ,  r epo r t ed  independen t ly  by  us [8] 
and  o thers  [13], con ta in  C T G C T A  (Leu-Leu)  at  

nucleot ides  32 -37 ,  whereas  p p E n k  c D N A  f rom 
Wis ta r  rat  (this repor t )  and  exon II  o f  the p p E n k  
gene o f  ra t  (unknown strain)  [121  con ta in  
C T C G T A  (Leu-Val)  at the  co r re spond ing  
pos i t ions .  

The  mechan i sm tha t  generates  the germ cell- 
specif ic  p p E n k  m R N A  remains  to  be e luc ida ted  by  
fu ture  studies.  T ransc r ip t i on  o f  the  p p E n k  gene in 
the  ge rm cells m a y  require  the conven t iona l  p ro-  
mo te r  in the  5 ' - f l a n k i n g  region  o f  the  p p E n k  gene 
[12], bu t  the region der ived f rom in t ron  A may  re- 
ma in  unspl iced due to unusua l  R N A  splicing 
ope ra t i ng  in the  germ ceils. A n o t h e r  poss ib i l i ty  is 
tha t  t r ansc r ip t ion  o f  the  p p E n k  gene in the germ 
cells uses a dis t inct  p r o m o t e r  loca ted  inside in t ron  
A.  
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