
likely to have been derived from circular 
plasmids contami~lating the preparation. 

From these experiments we co~lclude that 
the ospA and ospB genes of B. bu?@olfef,i are 
arrayed on linear plasmids and that the 
linear plasmids have covalently closed termi- 
ni. The first finding, while not unexpected 
[genes encoding outer membrane proteins 
of B. hcmsii had been found on plasmids of 
that species (3 ) ] ,  further demonstrates the 
novel arrangement of DNA in this group of 
bacteria. The second finding is perhaps of 
greater significance: only among eukanotic 
organisms and their viruses have covalently 
closed ends of DNA been found. Vaccinia 
virus has been most extensively studied (1 7). 
Bacteriophages can have linear DNA, too, 
but known double-stranded forms with free 
ends, as found in phage A, or protein-bound 
5' ends, as found in Phi29, are separable 
along their entire lengths (18). It is conceiv- 
able, though, that linear plasmids of Bovelia 
species do derive from bacteriophages since 
viruses have been observed in both B. buy&- 
dofeen and B. he~msii (2, 19). 

Recognizing the similarity between pox 
viral termini and the ends of chron~osomes, 
some investigators have referred to the hair- 
pins of poxviruses as telomeres (20). This 
term cannot be applied to ends of the linear 
molecules found in Bovelza species; palin- 
dromic sequences conducive to hairpin for- 
mation mould have to be demonstrated. 
Nevertheless, the present study reveals in a 
bacterium a form of DNA that mas thought 
to be unique to eukaryotes. 
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Neuronal pp6OC-"" Contains a Six-Amino Acid 
Insertion Relative to Its Non-Neuronal Counterpart 

Neuronal cells express a pp6OC-"' variant that displays an altered electrophoretic 
mobility and a different V8 peptide pattern relative to  pp60C-"" expressed in tissues of 
non-neuronal origin. To determine whether the neuronal form of pp60C'"" is encoded 
by a brain-specific messenger RNA, a mouse brain complementary DNA (cDNA) 
library was screened with a chicken c-src probe and a 3.8-kilobase c-src cDNA clone 
was isolated. This clone encodes a 60-kilodalton protein that differs from chicken or 
human pp6OC'"' primarily in having six extra amino acids (Arg-Lys-Val-Asp-Val-Arg) 
within the NH2-terminal 16 kilodaltons of the molecule. S1 nuclease protection 
analysis confirmed that brain c-src RNA contains an 18-nucleotide insertion at the 
position of the extra six amino acids. This insertion occurs at a position that 
corresponds to a splice junction in the chicken and human c-src genes. The isolated c-src 
cDNA clone encodes a protein that displays an identical V8 peptide pattern to that 
observed in pp6OC-"' isolated from tissues of neuronal origin. 

T HE PROTO-ONCOGENE C-STC EN- 

codes a 60-kD tyrosine-specific pro- 
tein lunase (pp6OC~'"~. Recently, 

Brugge ct al. (1, 2)  showed that neuronal 
cells express an altered form of pp60C-""' 
which exhibits a slightly slower electro- 
phoretic migration on sodium dodecyl sul- 
fate (SDS)-polyacrylamide gels relative to 
pp60C-""" isolated from non-neuronal tissues. 
They mapped this alteration in a 16-kD NH2- 
teminal peptide obtained &er V8 protease 

digestion and postulated that this structural 
alteration resides in the primary amino acid 
sequence of pp60C""' (2). To examine 
whether the neuronal f o m ~  of pp60C-"r" 
[pp6OC""(+)] is encoded by a brain-specific 
messenger RNA (mRNA), a size-selected 

Pl'hitehcad Inst~tutc for Biomedical Research, Nine 
Canibridgc Center, Canlbr~dgc, MA 02142, and Massa- 
chusetts Institute of Technology, l>epannient of Biolo- 
gy, Cambridge, MA 02139. 
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(>2.0 kb) mouse (RALRlc) brain comple- 
mentary DNA (cDNA) library was screened 
for c-src sequences by means of a chicken c- 
src probe. A screen of 1.5 x lo6 Agtll 
recombinants gave 400 positive clones. A 
clone containing a 3.8-kb insert was selected 
for further characterization. On the basis of 
the size of the c-src mRNA (3) ,  this clone is 

full-length or nearly full-length. The 3.8-kb 
Eco RI insert was subcloned into pUC18 
and examined by Southern blot hpbridiza- 
tion with probes corresponding to the 5' 
and 3' coding region of chicken c-src. This 
analysis revealed that the coding sequence of 
the 3.8-kb cDNA clone is contained within 
a 1.8-kb Nco I-Nco I fragment flanked by 

0.6 and 1.4 kb of 5' and 3' untranslated 
sequences, respectively (Fig. 1A). The 1.8- 
kb Nco I-Nco I fragment was subcloned 
into M13 vectors and sequenced by the 
chain termination procedure (Fig. 1A). The 
nucleotide and deduced amino acid se- 
quences are shown in Fig. 1R. 

The sequence of mouse pp60c~""'') is 

A 
R, NCO' Nco l R i  

ATG GGC AGC AAC M G  AGC M G  CCC M G  GAC GCC AGC CAG CGG CSC CGC IV.C CTG GAG CCC CTG GGC CAG GGT TCC TTC GGA GAG GTG TGG ATG GGG ACC TGG M C  VC EC ACG AGG G- 
1 xet 51y s e r  Apn Ly* Ser Lyr ?ro Lyr Asp N a  Ser Gln Arq Arq Arq Ser L e u  Glu Pro 281 Leu Gly Gln Gly Cyr Phe Gly Glu Val Trp k t  Gly Thr Trp Arn ~ l y  mr ~ h r  hq val 

TCG GAA AAC GTG CAC w GCA GClG G C  GCC TTC CCG GCC TCA CAG ACA CCG AGC M G  CCC GCC ATC AAA ACT CTG AAG CCA GCC ACC ATG TCC CCA GAG GCC TTC CTG CAG GAG GCC CM 
21 Ser Glu Ann Val His Gly Ala Gly GlY Ala Phe Pro Ala 5er Gln Thr Pro Ser Lys Pro 301 Ala ile Lys Thr Leu Lyr Pro Gly Thr net Ser Pro Glu Ala Phe Leu ~ l n  ~ l u   la cln 

GCC TCC GCC GAC GX CAC CGC GGG ZCC AGC GCC K C  TIC GTG CCG CCC GCG GCC GAG CCC GTC ATG M G  IIM CTG AGG CAC GAG M A  CTG GTG CAG CTG TAT GCT GIG CIG TCG GM GM 
41  la ser Ala Asp Gly His brq Gly Pro Ser N a  Ala Phe Val Pro Pro Ala Ala Glu Pro 321 Val Met Lys Lys Leu Arq 81s Glu Lys Leu Val Gln Leu Tyr Ala Val Val Ser Clu Glu 

AAG CTC TTC GGA CGC TTC M C  TCC TCG GAC ACC GTC ACC X C  CCG CAG AGG GCG GGC GCT CCC W T  TIC ATT GTG ACA GAG TAC ATG AAC M G  U;G AGT CTG CTG GAC TTT CTC M G  Vf. 
61 Lyr ,Leu Phe G;y Gly Phe Arn Ser Ser Asp Thr Val Thr Ser Pro Gln Arq Ala Gly A l a  341 Pro l i e  Tyr Ile Val Thr Glu Tyr MeZ Asn >:is Gly Ser k u  Leu Arp ?he b u  ~ y .  ~ l y  

CTG GCA GGT GGG GTG ACC ACC TTT GTG GCC CTC TAT GAC TAT GAG TCA CGG ACA GAG ACT GAA ACG GGC AAA TAT TTG CGG CTA CCC CAG CTG GTG GAC ATG TCT GCT CAG ATC GCT TCA 
81 Leu Ala Gly Gly Val Thr Thr Phe Val Ala Leu Tyr Asp Tyr Glu Ser Arq Thr Glu Thr 361 Glu Thr Gly LYP Tyr Leu Arq Leu Pro Gln Leu Val APP Met Ser Ala Gln Ile Ala Ser 

GAC CTG TCC TTC M G  AAA GGG GAG CGC. CTG CAG ATT GTC M T  AAC ACG AGC. AAG G?G GAT GGC ATG GCC TAT GTG GAG CGG ATG AAC TAT GTG CAC CGG GAC C1T CGA GCC GCC AAT ATC 
!C1 Asp k u  Se: PL.e Lyr Lyr Zly G::: Arq Leu Gln : :e Val Asn Arn I k r  Arq Lyp Val Aro 381 Gly Hec Ala Tyr Val Glu Arq Met Asn Tyr Val His Arq Alp Leu Arq M a  Ala Asn Ile 

I__ 

GTC AGA GAG GGA GAC TGG TGG CTG GCA CAC TCG CTG AGC ACG GGA CAG ACC GGT TAC ATC CTA GTA GGG GAG AAC CTG GTG TGC MA GTG GCC GAC TTT tGG TTG GCC CGG CTC ATA G M  
121 Val ~ r q  ~ l u  Gly Asp Trp ~ r p  ~ e u  hla Hlr ser ~ e u  ser ~ h r  ~ l y  21" ~ h r  ~ l y  T~~ 11e 4C1 Leu Val Gly Glu Apn Leu Val cyr Ly* Val U a  App ?he Gly Leu Ala lug ~ e u  11e GI" - 

CCC AGC M C  TAT GTG GCG CCC TCC GAC CCC ATC CAG GCT ZAG GAG TGG TAC TTT GGC M G  GAC AAC GAA TAC ACA GCC CGG C M  GGT GCC MA TTC CCC ATC AAG TGC ACC GCC CCT G M  
141 Pro Ser Atn Tyr Val Ala Pro Ser Asp ser :le Gln Ala Glu Glu Trp Tyr Phe Gly LYS 421 A*P A*, Glu Tyr Thr Ala Arq Gln Gly Ala Lyn Phe Pro Ile Lys Trp Thr Ala Pro Glu 

ATC ACT AGA CGG SAA TCA GAG CGG CTS CTG CTC AAC GCC SAC AAC CCG AGA GGG ACC TTC 
161 ile ihr Arq Arq Glu Ser Glu Azq Leu Leu Leu Ann Ala Glu Asn P r o  Arq Gly Thr ?he 

CTC GTG AGG GAG AGT GAG ACC ACA AAA GGT K C  TAC TGC CTC TCT GTA TCC GAC TTC GAC 
181 Leu Val Arq Glu Ser Glu Thr Thr Lyr Gly Ala Tyr Cyp Leu Ser Val Ser Asp Phe Asp 

M T  GCC AAG GGC CTA AAT GTG AM CAC TAC AAG ATC CGC AAG CTG GAC AGC GGC GGT TTC 
201 Arn N a  Lyl Gly Leu Asn Val Lyr His Tyr Ly. ile Arq Lyr Leu Asp Ser Gly Gly Phe 

TIC ATC ACC TCC CGC ACC CAG TTC M C  A m  CTG CAG CAG CTC GTG GCT TAC TAC TCC A M  

221 Tyr Ile Ihr Ser Arq Thr Gin ?he Arn Ser Leu Gln Gln Leu Val Ala Tyr Tyr ser Lyr 

GCT GCT CTG TAC GGC AGS TTC ACC ATC AAG TCG GAT GTG TSG TCC TTT GSG ATT CTG CTS 
441 Ala Ala Leu Tyr Gly Arq Phe Thr Ile Lys Ser Asp Val Trp Ser Phe Giy Ile Leb Leu 

ACC GAG CTC ACC ACT AAG GGA AGA GTG CCC TAT CCT GGG ATG GTG AAC CGT GAG GTT CTG 
461 Thr Glu Leu Thr Thr Ly. Gly Arq Val Pro Tyr Pro Gly Het Val Arn Arq Glu Val Leu 

GAC CAG GTG GAG CGG GGC TAC CGG ATG CCT TGT CCC CCC GAG TGC CCC GAG TCC CTG CAT 
481 Asp Gln Val Glu Arg Gly Tyr Arq Met Pro CYr Pro Pro Glu CYS Pro Glu ser Leu His 

GAC CTT ATG TGC CAG TGC IGG CGG AAG GAG CCC GAG GAG CGG CCC ACC TIC GAG 7AC CTG 
501 Asp Leu HeZ Cys Gln Cya Trp Arq Ly. Glu Pro Glu Glu Arq Pro Thr Phe Glu Tyr Leu 

CAT GCT GAT GGC CTG TGT CAC CGC CTC ACT ACC GTA TGT CCC ACA TCC M G  CCT CAG ACC CAG GCC TTC CTG GAA GAC TAC TTT ACG TCC ACT GAG CCA CAG TAC CAG CCC GGG GAG M C  
241 Hla Ala App Gly Leu Cys Hia Arq Leu Thr Thr Val Cy. Pro Thr Ser Lyp pro Gln Thr 521 Gln Ala Phe Leu Glu Asp Tyr Phe Thr Ser Thr G1u Pro G:n Tyr Gln Pro Gly 51" Asn 

CAG C C A  TTG GCC AAG GAT GCG TGG GAG ATC CCC CGG GAG TCC CTG CGG CTG GAG GTC M G  CTA TAG 
261 Gln Gly Leu Ala iyr Arp Ala Trp Glu ile Pro Arq Glu Ser Leu Arg Leu Glu Val iyr 541 Leu TER 

Fig. 1. Restriction map, nucleotide sequence, and deduced amino acid sequence ofthe mouse brain c-src cDNA clone. (A) Restriction map of 3.8-kb hgt l l  c- 
src Eco RI insert and 1.8-kb Nco I-Nco I fragment containing the coding region (dark box). Sequencing strategy with M13 vectors is depicted by arrows. 
The mouse brain hgt l l  cDXA libray used in this work was constructed in a fashion similar to that described (15). Recombinant phage alas plated at a densi- 
ty of 50,000 plaques per 150-mm dish with Y1088 as a host bacterium. Screening was performed as described (16) with an oligolabeled DNA probe 
containing the entire coding sequence of chicken c-src [Nco I-Rgl I1 fragment from p5H (17)]. Oligolabeling was performed as described in (18). Excess 
probe was removed by washing filters as follows: once in 2 x  SSC (0.1% SDS) at room temperature; three times in 2 x  SSC (0.1% SDS) at 68°C; once in 
1 x SSC (0.1% SDS) at 68°C and once in 0.2x SSC (0.1% SDS) at 68°C. Filters were exposed on Kodak XAR film with intensifying screens at -70°C. 
Phage isolated from positive plaques was plaque-purified and phage DNA was prepared as described (16). Insert size was determined by Southern blot 
hybridization of Eco KI-digested hg t l l  recombinant phage DNA with chicken c-src as a probe. Selected inserts were subcloned into pUCl8 for further 
characterization. The 3.8-kb insert was digested with Nco I and mapped by Southern blot hybridization with probes derived from the 5' and 3' ends of the 
coding region of chicken c-src [5'  probe; Nco I-Stu I fragment from p5H (17); 3' probe: Stu I-Rgl I1 fragment from p5H ( I n ] .  Restriction enzyme 
fragments derived from the 1.8-kb Nco I-Nco I fragment were subcloned into the ~M13 vectors mp18 and mp19 and sequenced by the chain termination pro- 
cedure (19) with the strategy depicted by the arrows. (B) Nucleotide sequence and translation product of mouse brain c-src. Insertion in mouse pp60c~"rc~+' 
sequence relative to chicken or human pp60C-"" sequences is underlined. 
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Fig. 2. Comparison of the deduced 
amino acid sequences of mouse 
pp60c-src(+) and chicken and human 

Chicken pp6OC-"" se- 
quence was taken from Takeya and 
Hanaba  (5). Human pp60C-"rc 
was from Tanaka et d. (6). Num- 
bers underneath the chicken 
pp60;"" sequence indicate exon 
juncuons on the chicken or human 
c-m sequences. Asterisks denote 
positions of amino acid identity. 

Human MGSNKSKPKDASQRRRSLEPAENVH GAGGGAEPASQTPSKPASADGHRGPS ................................................. 
M w s e l  MGSNKSKPKDASQRRRSLEPSENVH GAGG-AFPASQTPSKPASADGHRGPS .................................... 
Chicken MGSSKSKPKDPSQRRRSLEPPDSTH H-GG--FPASQTPNKTARPDTHRTPS 

AAFAPAAAEPKLEGGFNSSDTVTSP QRAGPLAGGVTTWALYDYESRTETD .................................................. 
S1 MFVPPIUEPKLFGGFNSSDTVTSP QRAGALAGGVTTWALYDYESRTETD ............................................ 

RSFGTVATEPKLFGGFNTSDTVTSP QRAGAmGVTTFVALYDYESRTETD 
*3 

LSFKKGERLQIVNNT------EGDW WLAHSLSTGQTGYIPSNYVAPSDSI ............................................ 
102 LSFKKGERLQIVNNTRKVDVREGDW WLAHSLSTGQTGYIPSNWAPSDSI ........................................... 

LSFKKGERLQIVNNT------EGDW WLAHSLTTGQTGYIPSNWAPSDSI 
14 

QAEEWYFGKITRRESERLLLNAENP RGTFLVRESETTKGAYCLSVSDFDN ....................... ......................... 
152 QAEEWYFGKITRRESERLLLNAENP RGTFLVRESETTKGAYCLSVSDFDN 

.t.t*f.f*...ff.f...ff ......................*....* 
QAEEMYFGKITRRESERLLLNPENP RGTFLVRESETTWYCLSVSDFDN 

15 16 

MGLNVKHYKIRKLDSGGFYITSRT OFNSLPOLVAYYSKHADGLCHRLTT .................................................. 

IKTLKPGTHSPEAFLQEAQVMKKLR HEKLVQLYAWSEEPIYIVTEYMSK ................................................. 
302 IKTLKPGT~PEAELQEAQWKLR HEKLVQLYAWSEEPIYIVTEYMNK ................................................. 

IKTLKPGTHSPEAFLQEAQWKLR HEKLVQLYAWSEEPIYIVTE~SK 

GSLLDFLKGETGKYLRLPQLVDMAA QIASGHAYVEWYVHRDLRAANIL ................................................. 
352 GSLLDFLKGETGKYLRLPQLVDMSA QIASGHAYVEWYVHRDLRAANIL ................................................ 

GSLLDFLKGEMGKYLRLPQLVDMAA QIASGHAYVERMNYVHRDLRAANIL 
(9 110 

VGENLVCKVADFGLARLIEDNEYTA RQGAKFPIKWIAPEAALYGRFTIKS .................................................. 
402 VGENLVCKVADFGLARLIEDNEYTA RQGAKFPIKWTAPEAALYGRFTIKS .................................................. 

VGENLVCKVADFGLARLIEDNEYTA RQGAKFPIKWIAPEAALYGRFTIKS 
111 

DVWSFGILLTELTTKGRVPYPGHVN REVLDQVERGYRMPCPPECPESLHD ......................... .ff............f.f...tttt 

452 DVWSFGILLTELTTKGRVPYPGMVN REVLDQVERGYRMPCPPECPESLXD .................................................. 
DVWSFGILLTELTTKGRVPYPGMW REVLDQVERGYRHPCPPECPESLHD 

112 

YFTSTEPQYQPGENL ............... 
202 AKGLNVKHYKIRKLDSGGFYITSRT QFNSLCQLVAYYSKHADGLCHRLTT 502 LUCPCWRKEPEERPTFEYLQAFLED YFTSTEPQYQPGENL ....................................... ................................................ 

MGLNVKHYKIRKLDSGGFYITSRT QFSSLWLVAYYSKHADGLCHRLTN LUCPCWRKDPEERPTFEYLQAFLED YFTSTEPQYQPGENL 
17 

VCPTSKPQTQGLMDAWEIPRESLR LEVKLGQGCFGEMMGTWNGTTRVA .................................................. 
252 VCPTSKPQMGLAKDAWEIPRESLR LEVKLGQGCFGEMMGTWNGTTRVA .................................................. 

VCPTSKPQTQGLMDAWEIPRESLR LEVKLGQGCFGEVWMGTWNGTTRVA 
18 

nearly identical to that of chicken or human veals that the six-amino acid insertion in protected fragment from the probe, the 
pp60C-"" except for a six-amino acid inser- mouse pp60C"rc(+) occurs precisely at the probe used in this experiment contained 
tion (Arg-Lys-Val-AspVal-Arg) come- junction of exons 3 and 4 of the chicken or pUC18 polylinker sequences at the unla- 
sponding to residues 117 to 122 in the human pp60C-ST' sequences. The possibility beled end. Brain RNA gave rise to a W y  
mouse pp60C-srC(+' sequence (Fig. 2). In that this insertion represents a tissue-specific protected fragment of 197 nucleotides and a 
addition, mouse pp60C-srC(+) and chicken as opposed to a species-specific difference partially protected fragment of 158 nucleo- 
pp6OC-" show some amino acid differences was next examined. tides (Fig. 3B). A DNA sequence ladder 
in the region corresponding to the second A DNA probe spanning the sequence that generated by Maxam-Gilbert sequencing of 
exon of chicken c-src. These latter sequence codes for the six-amino acid insertion of probe 1 established that the 158-nucleotide- 
differences are most likely species-specific. mouse pp60C-srd'+) (Fig. 3A, probe 1) was long fragment is protected against S1 nucle- 
Mouse pp60C-"(+) is two amino acids long- end-labeled and hybridized to total RNA ase digestion precisely up to the point where 
er than chicken pp60C-" and one amino isolated from mouse brain and lung. The the 18-bp insertion in mouse c-src ends (3). 
acid shorter than human pp60C-". Align- hybrid was digested with S1 nuclease and RNA extracted tiom lung gave rise exclu- 
ment of the mouse pp60C""(+) with the the digestion products were resolved on a sively to the 158-nucleotide-long partially 
chicken or human pp60C-S'C sequences re- sequencing gel. To differentiate the fully protected fragment (Fig. 3B). Longer expo- 

sure times failed to reveal the fully protected 
A d Par :ted probe: B , fragment in the lane where lung RNA was 4 

q z a c analyzed. RNA isolated from other non- 
--k Fully pru~rcred 5 E - u 

2 a brain tissues (kidney, spleen, heart, and tes- 
probe 83.3 - x m tis) gave identical results to those observed 

Lt with lung RNA (3). 

2 ;?-.$,! 
To define the 5' boundary of the inser- 

* 
100 bp tion, a second DNA probe spanning the 

e f -I-&- 
- * * insertion sequence (Fig. 3A, probe 2) was - end-labeled and hybridized to total RNA -*" 

isolated from mouse brain or kidney. The 
hybrids were incubated with S1 nuclease 

Probe e - and the protected fragments were separated 
ranlarlv ~rorecrea orobe: ~4 nr on a sequencing gel. A partially protected 

Fig. 3. S1 nuclease protection analysis of RNAs from several mouse tissues with brain c-m cDNA 
probes. (A) Size and alignment with respect to c-m cDNA clone of S l  probes and protected fragments. 
The insemon sequence, which is represented by the dark box, is not drawn to scale. Solid circle next to 
probe 1 indicates the position of the polylinker sequence. Asterisk denotes the labeling site; nt, 
nucleotides. (6) Mapping of the 3' border of the insertion in brain c m  mRNA with probe 1 (20). 
Lanes 1 through 3 contain probe hybridized to 30 pg of transfer RNA (lane 1); 30 pg of lung RNA 
(lane 2), and 30 pg of RNA isolated from brain (lane 3). (C) Mapping the 5' border of the insemon in 
brain c-m mRNA. The protocol was similar to the one described (20), except that the probe used was a 
Bst EII-Ava I fragment from brain c-m [probe 2 in (A)]. This probe was 3' end-labeled at the Bst EII 
site with the Klenow fragment of DNA polymerase. The hybridization temperature for this probe was 
52°C. Lanes 1 through 3 contain probe hybridized to 30 pg of transfer RNA (lane l), 30 pg of kidney 
RNA (lane 2) and 30 pg of brain RNA (lane 3). Probes 1 and 2 were sequenced according to the 
procedure of Maxam and Gilbert (21). Arrows on (B and C) point to the position of the fully protected 
fragment (large arrow) and the partially protected fragments (small arrows). Fragment sizes were 
determined with end-labeled Hae 111-digested 4x174 DNA. 

94-nucl&tide-long fragment was observed 
with both types of RNA (Fig. 3C). The fully 
protected fragment expected with brain 
RNA would migrate with the W-length 
probe in this case and thus could not be 
quantitated. A Maxam-Gilbert sequence lad- 
der derived from probe 2 established that 
the partial protection of this probe by mouse 
brain or kidney RNA occurred exactly up to 
the nucleotide where the insertion starts in 
mouse c-src (3). 

We next asked whether additional tissue- 
specific sequence differences existed up- 
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stream of the 18-nucleotide-long insertion. 
A probe containing the 250-bp Nco I-Bst 
EII region from the mouse brain c-m clone 
and upstream polylinker sequences (Fig. 
3A) was end-labeled, hybridized to brain or 
nonbrain RNAs, digested with S1 nuclease 
and examined on a sequencing gel. Full 
protection of the m-specific sequence of this 
probe was observed with all RNA species 
tested, indicating that there is no detectable 
RNA sequence heterogeneity upstream of 
the insertion (3). 

The S1 nuclease data presented above 
demonstrates that mouse brain has at least 
two classes of c-m RNA. As mentioned 
earlier, two forms of pp60C'Src have been 
shown to be expressed in a tissue-specific 
manner (I, 2). To examine which form was 
encoded by the 3.8-kb mouse brain c-src 
cDNA clone, the 1.8-kb Nco I-Nco I frag- 
ment from this clone was subdoned into a 
retroviral expression vector (see legend to 
Fig. 4). The resulting construct, pVN1.8, 
was co-transfected into NIH13T3 cells in the 
presence of pSV2Neo. (3418-resistant colo- 
nies were isolated and tested for the over- 
expression of pp60C"r6+). A positive clone 
was expanded, and cells were labeled with 
[32P]orthophosphate and lysed in detergent- 
containing buffer. The pp60C'"C(+) was im- 
munoprecipitated from the cell lysates with 
a monoclonal antibody raised against chick- 
en pp60V-SrC (Mab 327) (4), and separated 
on an SDS-polyacrylamide gel. The 60-kD 

Fig. 4. V8 proteolytic mapping of pp6OCU" 
immuno recipitated from NIHI3T3 cells and 
from &PVN1.8-p (22). Lane A, V8 peptides 
derived from pp60C'Src from NIH13T3 cells (V1 
to V4). Lane B, V8 peptides derived from 
pp60c"rc'+' overexpressed in NWpVN1.8-p 
cells. Note that peptides derived from the endoge- 
nous NIHI3T3 ~p60e-*'~ are also observed on this 
lane. 

phosphoprotein was detected by autoradi- 
ography, excised from the gel, partially 4- 
gested with V8 protease, and resolved 
by electrophoresis through an SDS-ply- 
acrylamide gel. Limited V8 proteolysis of 
pp60C" should give rise to four peptides, 
V1 to V4 (Fig. 4, top). V3 and V4 are 
known to be derived from V1 (1, 2). The 
bottom part of Fig. 4 shows that peptides 
V1, V3, and V4 generated by the over- 
produced pp60C"rC(+) migrated more slowly 
than the equivalent peptides derived from 
endogenous pp6OC" present either in the 
over-expressing NIW3T3 cell line (Fig. 4, 
lane B) or in the nontransfected NIW3T3 
control culture (Fig. 4, lane A). In addition to 
peptides V1 to V4, pp60C"'c(+) gave rise to at 
least three low molecular weight V8 peptides 
which migrated ahead of V4 and were previ- 
ously observed in V8 digests of pp60CU" 
isolated from neuronal cultures (1,2). 

The pattern of electrophoretic migration 
of peptides V3 and V4 derived from mouse 
pp60~"~'+) is remarkably similar to that gen- 
erated by the equivalent peptides derived 
fiom neuronal pp60C-srC observed by Bmg- 
ge et d. (1, 2). The increase in molecular 
mass contributed by the six-amino acid 
insertion present in mouse pp60C-srd+) (753 
daltons) is consistent with the apparent in- 
crease in mass observed by SDS-polyacryl- 
amide gel electrophoresis of peptides V3 
and V4 derived from neuronal pp60C"" (1, 
2). This observation strongly suggests that 
the altered peptide pattern characteristic of 
neuronal pp60C-src is a direct consequence of 
the six-amino acid insertion found in brain 
pp60c-srC( + ). 

Sequence analysis of a c-m clone isolated 
from a mouse brain D N A  library has re- 
vealed that this clone encodes a protein, 
which we have termed pp60~ '~~(+ ) ,  that 
differs from chicken or human pp60C-"" 
primarily in having a six-amino acid inser- 
tion in the NH2-terminal end of the mole- 
cule. S1 nuclease protection analyses identi- 
fied two species of c-m RNA in mouse brain 
which differ by an 18-nucleotide insemon. 
From a partial survey of tissues examined, 
the c-m RNA that contains the insertion 
appears to be restricted to brain. Brain c-m 
RNA lacking the insemon may be contrib- 
uted by non-neuronal tissue (such as glial 
cells) present in brain. 

The mechanism by which the two species 
of c-m RNA are generated is not clear. 
Because the insemon sequence maps pre- 
cisely at a splice junction [on the basis of the 
chicken and human c-m exon/intron struc- 
ture (5, 6)], it appears likely that the two 
RNA species arise by alternative splicing of 
a single transcriptional unit. We cannot rule 
out, however, that these RNAs are derived 
fiom two separate, albeit highly conserved 

transcriptional units. Preliminary Southern 
analyses in which mouse genomic DNA was 
probed with either chicken c-m or mouse 
brain c-src cDNA coding sequences make 
this last hypothesis unlikely (3). 

The pp6OCJrC(+), at least based on V8 
proteolytic mapping, appears to be structur- 
ally identical to the neuronal form of 
pp60C-"" previously described by Bmgge et 
d. (1, 2). It is not known what effect the 
inserted sequence found in pp60C""(+) 
might have on the biochemical properties of 
~ p 6 0 ~ - ~ " .  Relative to its non-neuronal coun- 
terpart, the neuronal form of pp6OC"" dis- 
plays an increased tyrosine kinase activity as 
well as a novel serine phosphorylation (7). It 
is conceivable that these biochemical prop- 
erties are mediated by the inserted sequence 
present in pp60c"rc(+). 

Finally, an issue that was raised by previ- 
ously reported work (1, 2), as well as our 
own, relates to the biological function of 
pp60C-SrC(+). It is well documented that the 
most active phase of c-m expression occurs 
in the developing nervous system during 
active neuronal cell differentiation as well a,s 
in M y  differentiated postmitotic neurons 
(8-14). Since neurons express predominant- 
ly pp60c-~rc (+) as opposed to pp60C"" (1, 
2), it is conceivable that pp60C+'"(+) is 
important for induction and/or maintenance 
of the neuronal differentiated state. Expres- 
sion of pp60c"(+) in cell lines capable of 
undergoing neuronal differentiation should 
make these questions amenable to experi- 
mental test. 
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The Molecular Basis of the 
Mouse Mutation 

Sparse Fur 

The ornithine transcarbamylase-deficient sparse fur mouse is an excellent model to 
study the most common human urea cycle disorder. The mutation has been well 
characterized by both biochemical atld enzymological methods, but its exact nature has 
not been revealed. A single base substitution in the complementary DNA for ornithine 
transcarbamylase from the sparse fur mouse has been identified by means of a 
combination of two recently described techniques for rapid mutational analysis. This 
strategy is simpler than conventional complementary DNA library construction, 
screening, and sequencing, which has often been used to find a new mutation. The 
ornithine transcarbamylase gene in the sparse fur mouse contains a C to A transversion 
that alters a histidine residue to an asparagine residue at amino acid 117. 

RNITHINE TRANSCARBAMYLASE 

(OTC) is a mitochondria1 matrix 
enzyme that catalyzes the conver- 

sion of ornithine and carbamyl phosphate to 
citrulline in the mammalian urea cycle (I). 
The enzyme is encoded by a single X-linked 
gene and is expressed in only two tissues, 
liver and intestine (2). Human OTC defi- 
ciency causes severe ammonia intoxication 
with accompanying metabolic disorders and 
neurological symptoms ( 3 ) .  Two mouse 
strains with an OTC mutation have been 

described-sparse fur (spf) (4) and sparse fur 
with abnormal skin and hair (spysh) (5). 
The spf mouse has an OTC with an overall 
decrease in activity, altered substrate affinity, 
a change In p H  optima, and an increased 
amount of material that cross-reacts immu- 
nologically with an antibody to OTC 
(CRM) (4, 6). 

Here we describe the molecular cloning 
and sequencing of the spf mouse OTC com- 
plementary DNA (cDNA) by the applica- 
tion of D& recently described techniques- 

ribonuclease A (RNase A) cleavage (7) and 
the polymerase chain reaction (PCR) meth- 
od for amplification of specific nucleotide 
sequences (8). In the past, the analysis of 
such a mutation \~lould have required a 
substantial effort in both librarv cbnstruc- 
tlon and screening Houever, the appl~ca- 
tlon of RNase A cleavage to local~ze the 
mutatlon followed by PCR ampl~ficat~on of 
the mutated slte has greatly s~mplified t h ~ s  
procedure 

To study the spf mutat~on, we first  sola at- 
ed the wlld-n1pe mouse OTC complemen- 
tary DNA (cDNA) from a hg t l l  l~brary 
that uas generated (9) from C57BW6 
mouse h e r  polyadenylated [poly(A) +]  
RNA and screened ~11th a partla1 rat OTC 
cDNA probe (10). The nucleot~de sequence 
of the entlre cod~ng reglon and the 3' 
untranslated reglon of the murlne OTC 
cDNA are shown In F I ~  1 The proteln 
codlng reglons of the mouse, rat, and hu- 
man cDNA clones are the same length 
(1062 bases) and the murlne gene 1s 96 and 
88% homologous to the rat and human 
genes In thls reglon, respectively. Most of 
the nucleot~de subst~tut~ons are silent. The 
homology within the 3' untranslated reglon 
of the murine gene is decreased to 80 and 
62% of that of the rat and human sequences, 
respectively. Northern blot analysis indicat- 
ed that the mouse OTC messenger KNA 
(mRNA) length is 1650 bases, which corre- 
sponds well with the rat and human (11) 
OTC mRNA size. 

It was predicted from previous blochemi- 
cal and enzymological studies that the spf 
mouse mutation could be a single point 
mutation (6), which was consistent with our 
observation that no differences in mRNA 
size could be seen between normal and spf 
mRNA by Northern blot analysis. To local- 
ize the spf mutation, we used RNase A 
cleavage (3 to characterize the OTC 
nzRNA, thus avoiding the inherent prob- 
lehs of analyzing the large gene (approxi- 
mately 60 kb) (12). A radiolabeled, anti- 
sehse RNA probe was synthesized in vitro 
from the normal mouse OTC cDNA and 
then annealed to total RNA isolated from 
w~ld-type and spf mlce. The samples were 
treated vrah RNase A to digest single- 
stranded RNA and to cleave any m~smatches 
between the w~ld-type probe and the spf 
OTC mRNA. Wild-type RiYA protected an 
approx~mately 1270-base probe fragment, 
which was the same length as the predicted 
length of homology with the OTC mRNA. 
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