
bodies by the lymphatic route is more 
speculative, but conventional therapy 
suggests several possibilities. Irradiation 
of regiollal nodes may improve the prog- 
nosis for patients with tumors spread 
predominantly through the lymphatics, 
for example in selected cases of Hodg- 
kin's disease, non-Hodgkin's lymphoma, 
and seminomatous testicular carcinoma 
(I2). Lymphatic flow might be distorted 
or blocked by large lymph node masses, 
but for occult metastases of such tumors, 
adjuvant therapy with antibodies deliv- 
ered through the lymphatics could prove 
effective. 
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Biogenesis of Ornithine Transcarbamylase in spfaSh Mutant 
Mice: Two Cytoplasmic Precursors, One Mitochondria1 Enzyme 

Abstract. Extracts of liver from hemizygous affected mice with the X-linked spfaSh 
mrrtation h a w  5 to 10 percent of normal ornithine transcarbamylase (OTC) activity, 
yet the homogeneous enzyme isoluted from these extracts is identical to that in 
controls. The OTC messenger RNA from mutant livers programs the synthesis of two 
distinct OTC precursor polypeptides--one normal in size, the other distinctly 
elongated. Both precursors are imported and proteolytically processed by mitochon- 
dria, brrt only the normal one is assembled into active trimer. This novel phenotype 
may result from a mutation in the strrictrrral gene for OTC leading, primarily, to 
aberrant splicing of OTC messenger RNA and, secondarily, to  formation of a 
structurally altered precursor whose posttranslational pathway is ultimate1.v futile 
because its mature mitochondrial form is not capable of assembly and functional 
expression. 

Ornithine transcarbamylase (OTC; or- 
nithine carbamoyltransferase; E.C. 
2.1.3.3), a homotrimeric, mitochondrial 
matrix enzyme of the urea cycle in mam- 
mals, is of biological interest for several 
reasons. ( i )  Its structural locus is on the 
X chromosome and undergoes random 
inactivation in female cells (I); (ii) its 
subunit, of molecular size - 36 kD, is 
synthesized on free cytoplasmic polyri- 
bosomes as a larger precursor (- 40 kD), 
designated pOTC (2) ,  bearing an NH2- 
terminal extension of amino acid resi- 

dues (3). which is cleaved proteolytically 
concomitant with its posttranslational 
energy-dependent import by mitochon- 
dria (4-6); (iii) it is expressed almost 
exclusively in hepatocytes (I); and (iv) 
its inherited deficiency in man often pro- 
duces lethal ammonia intoxication in af- 
fected males (I). 

Our understanding of the nature and 
significance of mutations at the human 
OTC locus has been enhanced by the 
recent description of two X-linked, alle- 
lic OTC mutants in mice (7, 8). One, 
designated spf (sparse fur) is almost cer- 
tainly a point mutation, which affects the 
active ;ite of OTC. When assayed in 
vitro, hepatic OTC activity in spf mice is 
reduced to -20 percent of control at 
physiologic pH (7, 9, 10). affinity for 

Fig. 1. Characteristics of homogeneous OTC 
from livers of +/Y and spPhlY mice. (A) 
SDS-PAGE; enzymes (6 wg)  were applied to 
SDS-polyacrylamide (10 percent) gel slabs 
after denaturation with 2-mercaptoethanol 
and SDS; the gel was stained with Coomassie 
blue. (B) Ouchterlony double diffusion in 
agar; 6 p1 of rabbit antiserum to rat OTC was 
placed in the center well, and 1- to 2-pg of 
respective OTC's was added to the outer 
wells. (C) lmmunoelectrophoresis; 4 pg of 
enzyme from +/Y or spPhlY liver was placed 
in the wells; after electrophoresis, 200 pI of 
rabbit antiserum to rat OTC was placed in the 
channels and developed overnight. 
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ornithine is decreased (7, 9), the pH 
optimum is shifted from pH 7.7 to p H  9.5 
(7, 9), and the amount of immunological- 
ly, cross-reacting material (CRM) is in- 
creased (If). In the other mutant, desig- 
nated spPh (sparse fur-abnormal skin 
and hair), both hepatic OTC activity and 
CRM are decreased to 5 to 10 percent of 
control (9, lo), and affinity for ornithine 
and for carbamyl phosphate are normal 
(9) .  

We now present evidence that hepatic 
OTC from spyh hemizygotes is identi- 
cal to that in controls. Moreover, we 
show that this novel mutation results in 
the formation of a reduced amount of 
translatable OTC messenger RNA 
(mRNA) that codes for the synthesis of 
two distinct pOTC species. Finally, we 
demonstrate that both pOTC's are taken 
up and processed by mitochondria but 
only the wild-type product is assembled 
to active trimer. 

Having established a mouse colony 
from breeding pairs (spPh/+ by +/Y) 
(12), we confirmed that nine phenotypi- 
cally affected males (~pf""~N) had hepat- 

Fig. 2. Fluorograms of products of in vitro 
translated hepatic RNA's from +/Y, spflY, 
and s p P h N  mice. In lanes I to 6, cell-free 
protein synthesis with [35S]methionine, immu- 
noprecipitation, and SDS-PAGE were carried 
out as described (5). (Lane I )  + N  littermate 
of spj?Y; (lane 2) spj7Y; (lanes 3 and 5) +/Y 
littermate of spPhN;  (lanes 4 and 6) spPhN.  
In lanes 1 to 5, 7 pg of RNA was used to 
program the translation system; in lane 6, 42 
pg of RNA was used. In lanes 7 and 8, intact 
liver slices were labeled with [35S]methionine 
for 30 minutes, after which they were homog- 
enized and centrifuged (17,000g; 5 minutes); 
the supernatants were then used for immuno- 
precipitation and SDS-PAGE; (lane 7), +/Y 
liver; (lane 8) s p P h N  liver. Duration of expo- 
sure was 18 hours for lanes 1 and 2; 120 hours 
for lanes 3 and 4; 13 hours for lanes 5 and 6; 
30 days for lanes 7 and 8; pOTC, OTC pre- 
cursor. 
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ic OTC activities (13), only 7.8 percent of 
that in 15 controls (mean 2 1 S.D. (stan- 
dard deviation) = 5.7 k 1.6 U/mg in 
SP~""~/Y; 73.2 ? 8.5 U/mg in +/Y litter- 
mates]. Ten heterozygous females had 
hepatic OTC activities averaging 55.7 
percent that of controls (the mean 2 1 
S.D. was 40.7 2 22.1 Ulmg). The livers 
of five affected males had a correspond- 
ingly reduced amount of CRM (the 
mean -r- 1 S.D. was 5.8 -r- 0.8 percent of 
control) when assessed by radial 
immunodiffusion in agar (14). Next, we 
compared a number of characteristics of 
OTC purified to homogeneity by affinity 
chromatography from livers of +/Y and 
s p F h l y  mice (15). The enzymes were 
uniformly identical with regard to native 
molecular size (108 kD); subunit molecu- 
lar size (36 kD) (Fig. 1A); final specific 
activity (227 to 235 Ulmg); pI (at pH 
7.55); pH optimum (7.8 to 8.0); and K,s 
for ornithine (1.0 to 1.3 mM) and for 
carbamyl phosphate (1.2 to 1.3 mM). 
Furthermore, the purified OTC's gave a 
reaction of identity when studied by 
Ouchterlony double diffusion in agar 
(Fig. lB), and were indistinguishable by 
immunoelectrophoresis (Fig. 1C) (16). 

These findings indicate that the livers 
of ~ p f " " ~ l ~  mice contain a much reduced 
amount of normal OTC enzyme, clearly 
distinguishing this mutation from its spf 
allele, and likening the s p P h  phenotype 
to that observed in the human thalasse- 
mias (17). Accordingly, we examined 
OTC biogenesis. We prepared polysomal 
RNA's from livers of +/Y, spflY, and 
~pf""~/Y mice, translated them in vitro in 
a rabbit reticulocyte lysate system con- 
taining [35Slmethionine, immunoprecipi- 
tated the translation products with anti- 
serum to OTC, and identified the labeled 
products by fluorography after sodium 
dodecyl sulfate-10 percent polyacryl- 
amide gel electrophoresis (SDS-PAGE) 
(5) (Fig. 2). Whereas spflY RNA (lane 2) 
programmed the synthesis of a single 
pOTC indistinguishable in size from that 
observed with +/Y RNA (lane I ) ,  two 
prominent differences were noted with 
RNA from ~pf""~/Y mice. First, the 
s p y h  RNA directed the formation of 
two distinct pOTC's (lanes 4 and 6), one 
identical in size to that seen with control 
RNA (lanes 3 and 5). the other at least 1 
kD larger (compare lanes 5 and 6). Esti- 
mation of the relative amounts of these 
pOTC's by densitometry indicated a 
nearly constant ratio between the elon- 
gated and the normal one of 2:3. Second, 
when estimated by densitometry, RNA 
from ~pf""~/Y mice programmed the syn- 
thesis of only 15 to 20 percent as much 
total pOTC as observed with an equiva- 
lent amount of +/Y RNA (compare lanes 

3 and 4) (18). Each of these differences 
was observed with numerous RNA prep- 
arations from different animals (six +/Y 
livers; nine ~pf""~lY livers). Immunopre- 
cipitations with control rabbit serum or 
in the presence of an excess of unlabeled 
OTC confirmed that both pOTC species 
programmed by spfash/Y RNA were 
OTC-specific. Because varying the dura- 
tion of translation did not change the 
quantitative relationship between the 
two pOTC's, it is clear that the larger 
pOTC is not a precursor of the smaller 
one. Moreover, both precursors were 
observed when intact liver slices from 
SP~""~/Y mice were labeled with 
[3SSlmethionine for 30 minutes prior to 
immunoprecipitation and SDS-PAGE 
(Fig. 2, lane 81, in contrast to the single 
pOTC noted in control slices (lane 7). 

Next, we used the cell-free system to 
study posttranslational uptake and pro- 
cessing of the pOTC's by intact hepatic 
mitochondria (5) (Fig. 3). The pOTC 
translated by RNA from spflY mice (lane 
2) was processed by mitochondria identi- 
cally to pOTC from +/Y littermates (lane 
1). In each case, most pOTC was con- 

Fig. 3. Products formed after posttransla- 
tional processing of OTC precursors from 
control and mutant mice by intact mouse liver 
mitochondria. The conditions for cell-free 
protein synthesis, posttranslational incuba- 
tion with mitochondria, immunoprecipitation, 
and SDS-PAGE used in lanes I to 4, have 
been described (5). (Lane I )  + N  littermate of 
spflY; (lane 2) spm;  (lane 3) +/Y littermate 
of spPhN;  (lane 4) spPhN.  The volume of 
translation mixture used for processing was 
adjusted such that the number of disintegra- 
tions per minute in labeled pOTC was approx- 
imately equal in each pair of littermates. In 
lanes 5 and 6, products formed during post- 
translational processing of control (lane 5) and 
s p P h N  (lane 6) pOTC's were treated with 
Triton X-100 (final concentration, 0.5 percent) 
at 4°C for 30 minutes, diluted to 10 ml with 10 
mM Hepes buffer, pH 7.4, applied to an 
affinity column containing 8-N-(phosphonace- 
tyl)-L-ornithine, and eluted with carbamyl 
phosphate (15). Samples were then concen- 
trated, lyophilized, and analyzed by SDS- 
PAGE without immunoprecipitation. For +IY 
control, 75 pg of RNA was used to program 
the translation mixture; for spPh/Y mutant, 
230 pg of RNA was used. pOTC, OTC precur- 
sor; iOTC, intermediate-sized OTC species; 
OTC, mature OTC subunit. 



verted to a polypeptide identical in size 
to the mature subunit (denoted OTC); a 
small portion was found as  an intermedi- 
ate-sized species (iOTC) whose precise 
physiologic significance remains unclear 
(3-6). When pOTC's programmed by 
sp f"""~  RNA were processed, a far 
more complex pattern was observed 
(lane 4). Six distinct bands were noted, 
two each corresponding to mutant and 
normal pOTC's, iOTC's, and OTC's. 
These results were obtained with mito- 
chondria from e ~ t h e r  control or mutant 
mice. Both mature-sized OTC species 
were found in mltochondrial fractions 
prepared from [35S]methionine-labeled 
sp f""" i~  liver slices (not shown). 

Finally, we asked whether both ma- 
ture-sized OTC species observed with 
spf""hi~ RNA can be assembled to tri- 
meric form. After cell-free translation 
and mitochondria1 processing, soluble 
products were applied to and eluted from 
a ligand affinity column (Fig. 3, legend) 
which, we have shown recently, binds 
only trimeric OTC composed of mature 
subunits (19). Significantly, only a single 
species was isolated from the spf""/y 
programmed mixture (Fig. 3 ,  lane 6), 
ident~cal in mobility to  that noted for the 
control (lane 5). This result strengthens 
our earlier finding (Fig. 1) that s p f " " ' / ~  
liver mitochondria contain only normal 
trimeric OTC. 

We belleve that the simplest hypothe- 
sis which accounts for these novel find- 
ings in sp f""V~ mice is as follows. A 
mutation within the OTC structural gene 
creates an alternative ~ntron-exon splice 
site similar to those observed for (3- 
globin (20) or ovomucoid (21): the aber- 
rant nuclear processing of pre-mRNA 
resulting therefrom leads to the forma- 
tion of two distinct and translatable 
mRNA's; each mRNA directs the syn- 
thesis of a specific pOTC-one normal in 
size, the other elongated; both pOTC's 
are imported and processed by mito- 
chondria but only the wild-type subunit 
is assembled to active trimeric enzyme. 
We cannot, however, exclude the possi- 
bility that the processed. mutant subunit 
undergoes assembly to homotrimeric, 
catalytically inactive enzyme that does 
not bind to the affinity ligand. Because 
we have recently succeeded in isolating a 
rat OTC complementary DNA (22), it 
should soon be possible to explore the 
mutation directly by analyzing mRNA 
and genomic DNA from spf""Vy mice. 

LEON E .  ROSENBERG 
FRANTISEK KALOUSEK 

MICHELLE D. ORSULAK 
Department of Human Genetics, 
Yale University School of Medicine, 
New Haven, Connecticut 06510 

References and Notes 

1. L. E. Rosenberg and C. R. Scriver, in Metabolic 
Control citzd Disease, P. K. Bondy and L.  E. 
Rosenberg, Eds. (Saunders. Philadelphia, ed. 8,  
1980), p. 583; M. Walser, in The Metabolic Basis 
of Inherired Disease, J .  B. Stahbury, J .  B. 
Wyngaarden, D. S. Fredrickson, J .  L. Gold- 
stein, M. S. Brown. Eds. (McGraw-Hill, New 
York, ed. 5. 1982), p.  402. 

2. J .  G. Conboy. F .  Kalousek, L. E. Rosenberg, 
Proc. Natl. Acad. Sci. U.S .A .  76, 5724 (1979): 
M. Mori, S. Miura. M. Tatibana, P. P. Cohen, J .  
Biochem. (Tokyo) 88, 1829 (1980). 

3. J .  P. Kraus, 3. G. Conboy, L.  E. Rosenberg, J. 
Biol. Chem.  256, 10739 (1981). 

4. M. Mori, S. M~ura. T. Morita, M. Takiguchi, M. 
Tatibana, Mol. Cell. Biochem. 49, 97 (1982); S. 
Miura, M. Mori, M. Tatlbana, J .  Biol. Chem. 
258, 6671 (1983). 

5. J .  Conboy and L. E.  Rosenberg. Proc. Natl. 
Acad. Sci. U.S .A .  78. 3073 (1981): J .  G. Con- 
boy, W. A. Fenton, L. E. Rosenberg, Biochem. 
Biophys. Res .  Commun. 105, 1 (1982); D. M. 
Kolansky, J .  G.  Conboy. W. A. Fenton, L. E.  
Rosenberg, J. Biol. Chem. 257, 8467 (1982). 

6. C .  Argan. C. J .  Lusty. G. C. Shore, J .  Biol. 
Chem. 258, 6667 (1983). 

7. R. DeMars, S .  L. LeVan, B. L.  Trend, L. B. 
Russell, Proc. Nut / .  Acad. Sci. U . S . A .  73, 1693 
(1976). 

8. D. P. Doolittle, L. L.  Hulbert. C. Cordy, J. 
Hered. 65. I94 (1974). 

9. P. Briand, B. Francois, D. Rabier, L. Cathelin- 
eau, Biochitn. Biophys. Acta 704, 100 (1982). 

10. I .  A. Qureshi, J .  Letarte, R. Ouellet. in Urea 
Cycle Diseases. A. Lowenthal, A.  Mori, B. 
Marescau, Eds. (Plenum, New York, 1982), p. 
,-+ 
115,  

1 1 .  P. Briand, L. Cathelineau, P. Kamoun, D.  Gi- 
got. M. Penninckx. FEBS Lett .  130. 65 (1981). 

12. The breeding pairs were kindly provided by 
Donald Doolittle. Mouse stock has been main- 
tained since 1981 by crossing either spysh/+ 
with + / Y  or +!+ with spf""/y.  All mice were 
given free access to Wayne Lab Blox food 
supplemented periodically with oatmeal. Affect- 
ed animals were identified 7 to 10 days after 

birth. The colony is now in its fifth generation. 
13. F. Kalousek, B. Francois. L. E. Rosenberg, J. 

Biol. Chem. 253. 3939 (1978). 
14. G. Mancini. J .  P.  Vaerman, A. 0 .  Carbonera, 

J .  F. Heremans, in Protein in Biological Fluids 
11th Colloquium, Bruges, H. Peeters, Ed. (Per- 
gamon, Oxford, 19641, p. 370, 

15. N. J .  Hoogenraad, T. M. Sutherland, G. J .  
Howlett, A~zal.  Bioci~em. 101. 97 (1980). 

16. Native molecular weight, specific activity, pH 
optimum, and K,s were determined as de- 
scribed (13). We determined the subunit molecu- 
lar weight on 10 percent SDS-PAGE, using a 
Pharmacia low molecular weight calibration kit 
The isoelectric point @I) was determined by 
chromatofocusing, with the use of Polybuffer 
exchanger 94 and Polybuffer 96 from Pharmacia. 

17. Y .  W. Kan, in The Metabolic Basis of Inherited 
Disease, J .  B. Stanbury. J .  B. Wyngaarden, D. 
S. Fredrickson, J. L. Goldstein, M. S. Brown, 
E,4; (McGraw-Hill, New York, ed. 5, 1982). p.  
l l l l .  

We recognize that this result is an accurate 
quantitative reflection of translatable OTC 
mRNA only if the mutant and control RNA's 
and pOTC's are equally stable, and if the 
pOTC's have the same affinity for our antiserum 
to OTC. 
F. Kalousek, M. D. Orsulak, L. E. Rosenberg, 
In preparation. 
R. A. Spritz et a / . .  Proc. Natl. Acad. Sci. 
U . S . A .  78, 2455 (1981); Y .  Fukumaki e t a l . ,  Cell 
28, 585 (1982). 
J .  P. Stein, J .  F .  Catterall, P. Kristo, A. R. 
Means, B. W. O'Malley, Cell 21, 681 (1980). 
A. L. Horwich, J .  P. Kraus, K. Williams, F. 
Kaiousek, W. Konigsberg, L. E. Rosenberg, 
Proc. Natl .  Acad. Sci. U.S .A .  80. 4258 (1983). 
This work was supported by grant AM 09527 
from the National Institutes of Health. We thank 
E .  Spector for providing us with spfiY mice; P. 
Snodgrass for informing us of the s p p h  strain; 
R.  Olsen for assistance with mouse care and 
breeding; W. Fenton, J. Kraus, and A. Horwich 
for useful discussion; and M. Feldman for secre- 
tarial assistance. 

9 August 1983: revised 9 September 1983 

Noninvasive Observations of Fluorinated Anesthetics in Rabbit 

Brain by Fluorine-19 Nuclear Magnetic Resonance 

Abstract. Fluorinated anesthetics were observed noninvasivelj> in the brain of 
intact rabbits with juorine-19 nuclear magnetic resonance spectroscopy. High- 
resolution fluorine-19 spectra of halothane, methoxj,Jlurane, and isoflurane were 
obtained with a surface coil centered over the calvarium. Elimination of halothane 
from the brain was also monitored by this technique. Residual fluorine-19 signals 
from halothane (or a metabolite) could be detected as long as 98 hours after 
termination of anesthesia. These observations demonstrate the feasibility of using 
this technique to study the fate offluorinated anesthetics in live mammals. 

It is generally believed that anesthesia 
is produced when an appropriate partial 
pressure of a volatile anesthetic agent is 
reached in the brain (1). Slnce only indi- 
rect methods have been available to 
study this phenomenon, information on 
the uptake and distribution of these 
agents in the braln has been extremely 
limited. Morever, there is no information 
on the environments anesthetics occupy 
in the brain or on their residence tlmes in 
thls organ. Fluorinated hydrocarbons 
and ethers are among the most common- 
ly used inhalation anesthetic agents. We 
used 19F nuclear magnetic resonance 
(NMR) spectroscopy to observe fluori- 
nated anesthetic agents in the brain of a 
live mammal and monitored its uptake 
and elimination. In this technique the ' 9 ~  

signals derived from the anesthetic mole- 
cule itself are used to detect its presence 
and to assess the environment in which 
the molecule resides. The approach is 
noninvasive. since "F nuclei of the anes- 
thetic molecule serve as the probe used 
to monitor the anesthetic-brain interac- 
tion. 

We followed the incorporation of three 
different anesthetic agents into the rabbit 
brain (2): halothane (CF3-CHBrCI), meth- 
oxyflurane (CHC12-CF2-0-CH3), and iso- 
flurane (CF3-CHCl-0-CF2H). New Zea- 
land White rabbits (3 to 4 kg) were 
subcutaneously injected with a combina- 
tion of ketamine and xylazine, intubated 
(3), and positioned in the bore of the 
magnet. Each anesthetic agent was de- 
livered with a "nonrebreathing" system 
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