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Abstract Argininosuccinate synthetase and argininosuccinate lyase, two cytoplasmic enzymes of the urea cycle, 
are released into the soluble phase in the absence of detergent when cells are disrupted. Yet previous biochemical 
studies, as well as immunocytochemistry at the electron microscope level, have shown that these enzymes are localized 
around mitochondria in situ. Such intracellular localization of soluble enzymes requires mechanisms to deliver the 
proteins to the appropriate sites, where they may then be anchored by specific protein-protein interactions. A method 
was developed to examine the intracellular distribution of the mRNA of argininosuccinate synthetase and argininosucci- 
nate lyase in intact rat liver at the ultrastructural level by in situ reverse transcription and the polymerase chain reaction, 
using primers targeting regions of the coding sequences of the rat enzymes, digoxigenin-dUTP as the label, and 
anti-digoxigenin/lO nm gold plus silver enhancement as the detection method. The tissue was fixed in 4% paraformal- 
dehyde/O.l% glutaraldehyde and embedded in Lowicryl. Examination of the numbers and the location of the silver 
grains, coupled with morphometric analysis of the electron micrographs, permitted the calculation of the silver 
”enrichment ratio” for each type of cell structure. These ratios showed that the mRNAs for argininosuccinate synthetase 
and argininosuccinate lyase were located next to the cytoplasmic side of the mitochondria1 membrane and in the nearby 
endoplasmic reticulum. Most of the silver grains that were observed in the endoplasmic reticulum were within 200 nm 
of the mitochondria; it was not possible, however, to determine if those grains were actually associated with the 
reticular membranes. These studies demonstrate that the mRNAs of these two soluble cytoplasmic proteins are 
localized to the same limited regions where the proteins are situated. Translation of the proteins, therefore, must occur 
at these specific sites. The targeting of argininosuccinate synthetase and argininosuccinate lyase mRNAs to the 
immediate vicinity of the mitochondria may be the first step of the mechanisms by which the spatial organization of 
these soluble proteins in situ is accomplished. The targeting of mRNAs for soluble cytoplasmic proteins of organized 
metabolic pathways has not been demonstrated previously. These studies also show that in situ reverse transcription 
and the polymerase chain reaction at the ultrastructural level, which has not been previously reported, can be used to 
detect specific mRNAs; it should be extremely valuable for the intracellular detection of low-abundance 
mRNAs. c 1996 Wiley-Liss, Inc. 
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The sorting of specific mRNAs to particular 
intracellular locations has been demonstrated in 
somatic cells for proteins of the cytoskeleton 
[Sundell and Singer, 19901 and of developing 
myofibrils [Isaacs and Fulton, 19871 and neuro- 
nal processes [Kleiman et d., 19941. Directed 
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ous importance for the proper assembly of those 
well-described, morphologically distinct struc- 
tural elements of the cell. 

While the cytoskeleton and many other struc- 
tures can be visualized by microscopy, there is 
another level of organization within the cell that 
can be demonstrated only by biochemical tech- 
niques. This is the level of the intracellular 
organization of soluble enzymes. Some complex 
metabolic pathways are catalyzed by enzymes 
that may show little affinity for each other when 
in dilute solution, but which function in situ as 
spatially ordered systems [Srere, 19871. This is 
an extremely important and basic feature of 
cells. The characteristics of such pathways within 
the cell suggest that the specific organization of 
the individual enzymes is necessary for proper 
function. No information is available about the 
mechanisms underlying the localization of these 
separate enzyme proteins. 

A good example of such an enzyme system 
which is organized only in situ is the urea cycle 
of mammalian liver. This pathway consists of 
five reactions, of which the first two occur exclu- 
sively in the mitochondrial matrix [Gamble and 
Lehninger, 1973; Clarke, 19761, and the next 
three in the cytoplasmic compartment [Ratner, 
19761. All the urea cycle enzymes are soluble; 
i.e., they go into solution readily in the absence 
of detergent when mitochondria or cells are 
disrupted. The behavior of the individual en- 
zymes in solution, however, does not account for 
several characteristics of the operation of the 
pathway in situ [Cohen et al., 1980, 1982, 1985, 
1987, 1992; Cheung et al., 19891. In previous 
biochemical work using intact and permeabi- 
lized isolated liver mitochondria and hepato- 
cytes, we reported that intermediates are chan- 
neled at each step of the pathway, showing that 
the enzymes are sequentially organized [Cohen 
et al., 1987, 1992; Cheung et al., 19891. Since 
channeling occurs even across the mitochon- 
drial membranes, these data also showed that 
the three cytoplasmic members of the pathway 
are located next to the mitochondria [Cheung et 
al., 19891. In recent immunocytochemical stud- 
ies of intact liver at the electron microscope level 
[Cohen and Kuda, 19961, we confirmed this loca- 
tion for argininosuccinate synthetase (ASS) and 
argininosuccinate lyase (ASL); nearly all the 
ASS and ASL are organized around mitochon- 
dria. 

The localization of soluble cytoplasmic en- 
zymes to  specific regions of the cell requires 

mechanisms to direct newly synthesized pro- 
teins to the appropriate intracellular sites, or, 
alternatively, to target specific mRNAs to those 
sites for translation. The phenomenon of mRNA 
targeting is firmly established for the cell struc- 
tures described above; it is possible that the 
localization of some soluble cytoplasmic en- 
zymes to particular intracellular sites also in- 
volves this mechanism. 

A method was developed to study the intracel- 
lular distribution of ASS and ASL mRNAs in rat 
liver at the ultrastructural level, using in situ 
RT-PCR (reverse transcription and the polymer- 
ase chain reaction). The results indicate that 
these mRNAs are localized to areas of the cyto- 
plasm adjacent to, or in the immediate vicinity 
of, the mitochondria. This may represent the 
first step in the mechanisms whereby the in situ 
organization of the cytoplasmic enzymes of the 
urea cycle is achieved. Targeting of the mRNAs 
for soluble cytoplasmic enzymes, which has not 
previously been demonstrated, may be of gen- 
eral importance in the compartmentation of dif- 
ferent metabolic pathways to different regions 
of the cell. In addition to these findings, the 
present work shows that the new method de- 
scribed, which successfully identifies specific 
mRNAs at the ultrastructural level, should be 
valuable for the detection of mRNAs of low 
abundance. 

MATERIALS AND METHODS 
Animals and Tissue Preparation 

Male Sprague-Dawley rats (160-180 g) were 
from Simonsen Laboratories (Gilroy, CAI. Rats 
were fed a diet containing 60% protein for 8 days 
in order to raise the levels of mRNA of the urea 
cycle enzymes [Morris et al., 19871. The animals 
were sacrificed by cervical dislocation, and the 
liver was removed at once. One mm slices of 
liver were fixed in 4% paraformaldehyde/O.l% 
glutaraldehyde in 0.1 M phosphate buffer, pH 
7.4, for 1.5 h; l-mm cubes were then dehydrated 
in graded alcohols and embedded in Lowicryl 
(Ted Pella, Redding, CAI. Thin sections were 
picked up on parlodion-filmed nickel grids. Elec- 
tron microscopy (JEOL 1200CX microscope) was 
done in the Department of Anatomy and Cell 
Biology at USC. 

Oligonucleotide Primers 

The primers (19-22 bases long) targeted re- 
gions of the coding sequences of rat ASS [Surh 
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et al., 19881 or ASL [Amaya et al., 19881, or a 
sequence of subunit I11 of rat cytochrome oxi- 
dase (COIII) [Gadeleta et al., 19891, which is a 
mitochondrially coded peptide of the inner mito- 
chondrial membrane. The cDNA sequences used 
for ASS were 5’GTGGAAGAGTTCATCTGGC3’ 
(sense primer, ASS-l), and 5‘CCGTGAGACA- 
CATACTTGG3’ (antisense primer, ASS-2); these 
targeted a fragment of 145 nt. For ASL, the 
sequences were: 5’CACCATGGACAAGTTCAA- 
CTC3‘ (sense primer, ASL-3), and 5‘CTTGTC- 
CAGGCCTTGCAGTATC3’ (antisense primer, 
ASL-4); these bracket a fragment of 150 nt. For 
COIII, the sequences used were 5’CTAACAG- 
GAGCCCTATCAGCTS‘ (sense primer, COIII-l), 
and 5 ’AGGATTATTCCGTATCGGAGG3’ (anti- 
sense primer, COIII-2). These sequences repre- 
sent nt  8635-8655, and 8817-8837, respec- 
tively, of the rat COIII sequence described by 
Gadeleta et al. [19891, and define a 203-nt frag- 
ment. The primers were synthesized by the Mi- 
crochemical Core Laboratory of the Norris Com- 
prehensive Cancer Center at the University of 
Southern California School of Medicine. 

Before use in the in situ experiments, each of 
the primer pairs was tested in in vitro PCR 
reactions, and MgC12 was titrated, using total 
rat liver cDNA preparations as the template. 
Total rat liver RNA was isolated by the rapid 
guanidinium isothiocyanate method [Chomczyn- 
ski and Sacchi, 19871; the preparation had a 
260/280 nm absorbance ratio of 1.8. Reverse 
transcription of aliquots of the total RNA prepa- 
ration was performed at once, by the method 
described by Horikoshi et al. [1992]. The PCR 
mixture used was as described by Horikoshi et 
al. [1992], with MgC12 concentrations from 1.0 
to 4.0 mM. The reaction mixtures were heated 
to 95°C for 3 min, subjected to 30 cycles of 95°C 
and 55°C (1 min each), and then held at  72°C for 
15 min, using a Perkin-Elmer Thermal Cycler 
480. The PCR products were electrophoresed on 
7% acrylamidel7 M urea gels and the gels exam- 
ined under UV illumination; each of the primer 
pairs produced a single PCR product band of the 
appropriate size. The optimal [Mg2+] was 2.5 
mM for the ASS primers, and 2.0 mM for the 
ASL and COIII primers; the appropriate [MgCl21 
for each primer pair was used for in situ PCR. 

Treatment of Thin Sections 

All reagents used were of molecular biology 
grade, and all solutions were prepared with di- 
ethyl pyrocarbonate-treated water. The method 

used for in situ RT-PCR was based on those 
currently used for paraffin sections [Nuovo et 
al., 19931. Of a variety of conditions used for 
various steps of the procedures, those described 
below gave the best results. The backs of the 
electron microscope grids were marked at  one 
edge with a small dot of indelible ink so that the 
side with the sections could be easily recognized 
during the experimental procedures. 

The grids were floated section side down, in 
porcelain spot plates, on 40-p1 droplets of Pro- 
teinase K (1 mg/ml in 30 mM Tris-HC1, pH 8.0, 
50 mM KC1,6 mM MgC12, 20 mM EDTA) for 15 
min at 37°C; the wells were tightly covered with 
Parafilm during the incubation. The reactions 
were stopped by the addition of 0.4 ml of water, 
and the grids were transferred to 0.5-ml micro- 
centrifuge tubes and washed 6 times (3 rnin 
each) with TE buffer (10 mM Tris, 1 mM EDTA, 
pH 8.0). The tubes were heated to 95°C for 3 
min to denature the protease. The grids were 
then exposed to 100 pl of a DNase solution (1 
U/p1 in 0.1 M sodium acetate, 5 mM MgCIZ, pH 
5.0, with 25 p1 RNAguard/ml) overnight at 37”C, 
in caps removed from 1.7-ml microcentrifuge 
tubes; the caps were covered with Parafilm. The 
grids were then washed and heated as above. 
The RT reaction mixture used was as described 
by Horikoshi et al. [19921, except that 1 pM of 
the antisense oligonucleotide was used as a 
primer instead of random hexamers; incuba- 
tions were on 40 pl in microcentrifuge tube caps 
(covered), for 10 min at room temperature, and 
then 40 min at 42°C. The grids were drained, 
put into 0.5-ml PCR tubes containing 20 pl of 
PCR mixtures [Horikoshi et al., 19921, contain- 
ing 1 pM concentration of each primer, and 10.5 
pM digoxigenin-ll-dUTP (the ratio of dTTP to 
digoxigenin-dUTP was 19: 1). MgClz concentra- 
tions were 2.5 mM for reactions with the ASS 
primers and 2.0 mM for ASL and COIII primers. 
A PCR-Gem was added to each tube, the tubes 
were heated to melt the wax, cooled, and 5 p1 
(0.65 units) of AmpliTaq DNA polymerase was 
added. The tubes were heated to 95°C for 3 min, 
cycled at 95°C and 65”C, 1 min each, for 7 cycles, 
held at 72°C for 15 min, and cooled. The tubes 
were cut to recover the grids, which were washed 
thoroughly in 0.15 M NaCI, 15 mM sodium 
citrate. 

In each experiment the treatment of some 
grids was terminated after the RT reaction; i.e., 
there was no PCR. In such cases the digoxigenin- 
dUTP was included in the RT step, and the grids 
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were then washed and the digoxigenin-dUTP 
detected as described below. Control reactions 
consisted of using the sense primer or omitting 
the primer in the RT step and of omitting the 
digoxigenin. 

In the process of developing the method, a 
number of conditions were tested, all of which 
produced the same general findings, although 
the best results were obtained with the method 
described in detail above. For example, in some 
experiments, the ratio of dTTP to digoxigenin- 
dUTP during the PCR was varied between 15 
and 20; the number of PCR cycles was 30; and 
the annealing/extension temperature used in 
the PCR was 55°C instead of 65°C. Other varia- 
tions consisted of the omission of either the 
initial DNase treatment, or RT, or both, before 
the PCR was performed. In some experiments in 
which the procedures were terminated after the 
RT step, the ratio of dTTP to digoxigenin-dUTP 
during RT was varied between 15 and 25. These 
variations are noted in the Results section where 
applicable. 

Detection 

The grids were washed twice (15 min each) in 
0.15 M NaC1, 15 mM sodium citrate at 50°C in 
spot plates, and twice (5  min each) in phosphate- 
buffered saline, pH 7.4, at room temperature. 
The grids were blocked for 15 min, exposed for 1 
h to anti-digoxigenin coupled to 1 nm gold, and 
then silver enhanced for 11-12 min, all as de- 
scribed in [Fischer et al., 19921. The final wash- 
ing, blocking, and detection steps were per- 
formed by floating the grids on droplets on pieces 
of Parafilm. The droplets and grids were covered 
with an inverted petri dish during these steps to 
retard evaporation, and also with an opaque box 
during the anti-digoxigenin and silver enhance- 
ment steps. The grids were thoroughly washed 
(6 washes, 5 min each) on large drops of HPLC- 
grade water after silver enhancement. 

Analysis of Recovered Reaction Mixtures 

In every experiment, the RT reaction mix- 
tures and the PCR mixtures were recovered, 
and electrophoresed on 7% acrylamide/7% urea 
gels in order to determine whether reaction 
products had escaped from the thin sections. In 
addition, in each PCR experiment, parallel tubes 
containing a reagent blank and a soluble cDNA 
standard for each primer pair used were in- 
cluded so that it could be ascertained that the 
PCR had proceeded as expected; these samples 

were also electrophoresed. The gels were exam- 
ined under UV illumination, and then were 
transferred to nylon membranes (Boehringer 
Mannheim) in 0.89 M Tris-borate, pH 8.3, 25 
mM EDTA in an ABN semidry transfer appara- 
tus. The membranes were treated according to 
the Genius protocol (Boehringer Mannheim) for 
the detection of digoxigenin, and exposed to 
Kodak XRP film. 

Quantitative Morphometry 

The relative amounts of mitochondrial ma- 
trix, mitochondrial outer membrane, endoplas- 
mic reticulum (ER), nuclei, and “other” struc- 
tures were determined by the point counting 
method [Weibel and Bolender, 19731, and the 
total numbers of silver grains and their location 
were scored. Point counting was done by overlay- 
ing the micrographs with a regular grid of inter- 
secting lines, and counting the number of inter- 
sections that fell over each of the recognizable 
structures of interest; the “density” of each 
structure in a micrograph is the percentage of 
the total intersections which fell over that struc- 
ture. The “relative frequency” of silver over 
each structure is equal to  the number of grains 
over that structure as a percentage of the total 
silver grains on the micrograph. From these 
data the ratios of “relative frequency” to “den- 
sity” were calculated for each type of structure. 
Random background silver grains generate a 
ratio of relative frequency to density of 1.0 or 
lower. Ratios greater than 1.0 indicate that there 
is a preferential association of the signal with 
the structure in question [Weibel and Bolender, 
19731. 

In addition to the above analysis, the location 
of each of the silver grains in the ER was scored 
according to its distance (in 100-nm increments) 
from the nearest mitochondrion. All silver grains 
were also categorized as small, medium, or large. 
Because there is always some background silver 
deposited in these procedures, some of the 
smaller grains may be noise, while it is more 
likely that medium and large silver grains repre- 
sent bona fide signal (see Results). 

The appearance of the tissue in the thin sec- 
tions treated according to the experimental pro- 
cedures described above was not as good as that 
of untreated thin sections that were merely 
stained in uranyl acetate, and occasional bits of 
debris were observed. Despite the fact that there 
was less ultrastructural detail revealed in the 
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treated sections, the ER membranes could be 
resolved, and the mitochondrial cristae were 
visible. For point counting, the category called 
“mitochondrial outer membrane” refers to  the 
mitochondrial periphery. For scoring the loca- 
tion of the silver grains in experiments using the 
ASL or ASS primers, those grains at the mito- 
chondrial periphery which were not clearly on 
the matrix side were classified as being located 
at the mitochondrial membrane. For experi- 
ments with the COIII primers, silver grains 
directly over, or on the matrix side of the mito- 
chondrial periphery were classified as mitochon- 
drial membrane-associated. The assessment of 
the location of the silver grains at the mitochon- 
drial periphery was done with the aid of a magni- 
fying lens, and every effort was made to avoid 
bias. 

Materials 

For treatment of the thin sections, DNase I 
(RNase-free), digoxigenin- 11-dUTP, anti-digoxi- 
genin-1 nm gold, bovine serum albumin (molecu- 
lar biology grade), and silver enhancement re- 
agents were from Boehringer Mannheim 
(Indianapolis, IN). AmpliTaq DNA polymerase 
and PCR-Gems were from Perkin-Elmer Cetus 
(Norwalk, CT), RNAguard RNase inhibitor, de- 
oxyribonucleotide triphosphates, random hex- 
amers, and bovine serum albumin used for RT 
were from Pharmacia (Alameda, CA), M-MLV 
reverse transcriptase was from Bethesda Re- 
search Laboratories (Gaithersburg, MD). Other 
molecular biology-grade chemicals, buffers, and 
enzymes were obtained from Boehringer Mann- 
heim, Fisher Scientific (Tustin, CAI, or from 
Sigma Chemical Go. (St. Louis, MO). 

RESULTS 
Localization of ASL and ASS mRNAs 

Electron micrographs of thin sections sub- 
jected to in situ RT-PCR, or to in situ RT with- 
out subsequent PCR, are shown in Figure 1 for 
ASL and Figure 2 for ASS. Quantitative analysis 
of the electron micrographs showed that, regard- 
less of the specific procedure used, a dispropor- 
tionately large number of silver grains were 
touching the cytoplasmic side of the mitochon- 
drial membrane or in the ER in the immediate 
vicinity of the mitochondria. This was observed 
both when total silver grains were considered, or 
when only medium and large silver grains were 
scored. The latter distinction was made because 

of the finding that micrographs of control thin 
sections, in which the digoxigenin-dUTP or the 
primer had been omitted during the experimen- 
tal procedures, or the sense primer had been 
used for RT (without subsequent PCR), had 
numerous silver grains, which were almost all 
very small (see below). Thus, it may be more 
likely that random background silver grains, 
representing “noise,” would fall into the small 
size category on the experimental sections as 
well. 

In Table I the mean ratios of “relative fre- 
quency” of silver grains to “density” are shown 
for different cell structures under a variety of 
experimental conditions. When either the ASL 
or the ASS primers were used, the ratios ob- 
tained for mitochondrial outer membrane and 
for ER were greater than 1.0 under all circum- 
stances, while the ratios for mitochondrial ma- 
trix and for “other” structures were always less 
than 1.0. For example, as shown in the first line 
of Table I, for RT-PCR using the ASL primers 
(Fig. lA), and considering total silver grains, the 
mean ratios were 2.43 2 0.48 (M -+ SEMI for 
mitochondrial outer membrane, and 1.37 & 0.20 
for ER. By contrast, the ratios were 0.61 * 0.11 
and 0.87 2 0.11 for mitochondrial matrix and 
other structures, respectively. Comparable val- 
ues were obtained when only medium and large 
silver grains were considered (Table 1, line 2). 

When the digoxigenin-dUTP was included in 
the RT step, and PCR was omitted, similar 
results were obtained. For the most part, this 
protocol resulted in smaller and fewer silver 
grains (Figs. lB, 2B), perhaps because lower 
quantities of digoxigenin-dUTP were incorpo- 
rated at the site of each mRNA. Nonetheless, 
the silver grains were preferentially associated 
with the outer membrane. For example, using 
the ASL primer the ratios of (total silver) rela- 
tive frequency to density were 2.37 k 0.70 for 
mitochondrial outer membrane and 1.47 -+ 0.34 
for ER (Table I, line 3). Similar ratios were 
found when the calculations included only me- 
dium/large grains (Table I, line 4). For all other 
structures the ratios were < 1.0. 

The same labeling pattern was observed re- 
gardless of the precise protocol employed. For 
example, when PCR was performed with the 
ASL primers without prior RT (Table I, lines 5 
and 6; Fig. lC), the procedure still resulted in 
differential silver labeling, although there were 
fewer silver grains under these conditions than 
when RT-PCR was used. The Ampli-Taq DNA 
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polymerase used is described by the vendor as 
having essentially no RT activity, but that char- 
acteristic is evaluated under conditions very dif- 
ferent from those employed in these studies. 
There have been several reports of RT activity 
in Ampli-Taq DNA polymerase [Jones and 
Foulkes, 1989; Shaf€er et al., 19901. In the pre- 
sent studies, the amount of RT activity in this 
product, though extremely low, was sufficient to 
produce some cDNA, which served as a template 
for the PCR. 

The data from all of the micrographs evalu- 
ated for ASL mRNA, from experiments using a 
variety of procedures, were pooled and the ratios 
obtained are shown in Table I (lines labeled 
“various”). In the additional experiments in- 
cluded in this group, the ratios of dTTP to 
digoxigenin were from 16.7:l to 20:1, the num- 
ber of PCR cycles was 30, and the annealing/ 
extension temperature was 55°C. These data 
show that ASL mRNA is preferentially located 
at the mitochondrial outer membrane and in 
the ER. 

For experiments using the ASS primers, ra- 
tios similar to those for ASL were obtained, 
again regardless of the specific experimental pro- 
cedures followed. For all silver grains, the ratios 
for mitochondrial outer membrane were 2.36 & 

0.40 and 2.18 -+ 0.33, and those for ER were 
1.36 * 0.20 and 1.19 2 0.18 after in situ RT- 
PCR or in situ RT, respectively, while the ratios 
for mitochondrial matrix and other structures 
were < 1.0 (Table I, ASS data). Consideration of 
only medium/large grains gave similar ratios 
(not shown). Thus, ASS mRNA, like ASL mRNA, 
is preferentially located at the mitochondrial 
outer membrane and in the ER. 

It is important to note that the ultrastruc- 
tural details remaining in the treated sections 
(see below) were not sufficient to reveal if the 
mRNAs of ASL and ASS which appear to be in 
the ER close to mitochondria are actually on the 

Fig. 1. In situ RT-PCR, in situ RT, and in situ PCR using ASL 
primers. A Section treated with DNase, followed by RT, and 
then PCR with digoxigenin-dUTP as described in the text. B: 
Section treated with DNase, followed by RT with digoxigenin- 
dUTP as described, except that the dTTP:digoxigenin-dUTP was 
15:l; C, section subjected to PCR with digoxigenin-dUTP, using 
30 cycles, an annealing/extension temperature of 55”C, and a 
dTTP:digoxigenin-dUTP of 20:l. Arrowheads point to silver 
grains just outside mitochondria; large arrows to grains in the 
nearby ER; smallarrows to grains over the mitochondrial matrix. 
Bar = 1 km. 

rough ER itself, on polyribosomes associated 
with the mitochondria [Ades and Butow, 1980; 
Suissa and Schatz, 19821 or on free polyribo- 
somes located near the ER next to the mitochon- 
dria. 

Localization of COlll mRNA 

While ASL and ASS are nuclear-coded cyto- 
plasmic proteins, COIII is coded by the mitochon- 
drial genome, and translated on mitochondrial 
ribosomes [Attardi and Schatz, 19881. The COIII 
peptide is located in the electron transport com- 
plex of the mitochondrial inner membrane. 
COIII mRNA should therefore be found only 
within mitochondria; labeling COIII mRNA by 
the procedures described here should result in 
no preferential association of the silver grains 
with the ER. When in situ RT-PCR was per- 
formed using the COIII primers, the pattern of 
silver grains was indeed different from that ob- 
served with the ASL and ASS primers (Fig. 3 
and Table I, COIII data). Ratios greater than 1.0 
were obtained for mitochondrial matrix 
(1.12 5 0.11) and for mitochondrial membrane 
(2.56 5 0.461, whereas the ratios for ER and 
other structures were < 1.0. Again, similar ra- 
tios were obtained when only medium and large 
grains were scored (not shown). The contrasting 
pattern of silver labeling obtained using the 
COIII primers and primers for the cytoplasmic 
mRNAs of ASL and ASS supports the validity of 
the methodology used. It is interesting that the 
ratios obtained with the COIII primers were 
consistently much higher for the mitochondrial 
membrane than for the matrix. This suggests 
that COIII mRNA is actually predominantly 
associated with those portions of the inner mem- 
brane which lie at  the mitochondrial perimeter 
rather than along the cristae. 

Con tro I s 

In control experiments from which the digoxi- 
genin-dUTP was omitted, only low numbers of 
extremely small, randomly distributed back- 
ground silver grains were observed (Table I, 
control data, line 1). In control experiments in 
which either the primer was omitted from the 
RT reaction or the sense primer was used, with- 
out subsequent PCR, there were more grains 
observed, but again, they were extremely small 
and randomly distributed (Table 1, control data, 
lines 2 and 3). These results support the validity 
of making a distinction on the experimental 
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Fig. 2. In situ RT-PCRand in situ RT using ASS primers. A: section subjected to PCRwith digoxigenin-dUTP, using 30 
cycles, an annealing/extension temperature of 55"C, and a dlTP:digoxigenin-dUTP of 16.7:l; B: Section treated with 
DNase, followed by RT with digoxigenin-dUTP, with a dTTP:digoxigenin-dUTP of 15:l. Markings same as for Fig. 1. 

sections between total silver grains, some of 
which are background, and medium to large 
grains. Since similar ratios were obtained on the 
experimental sections when total grains or only 
medium and large grains were considered, how- 
ever, it appears that only a relatively low num- 
ber of the small grains on these sections were 
background. 

Quantitative Distribution of AS1 and ASS mRNAs 
Around Mitochondria 

The data for ASL and ASS mRNAs in Table I 
show that the ratios for mitochondrial outer 
membrane are higher than those for ER, suggest- 
ing that these mRNAs are associated most fre- 
quently with polyribosomes or ER located imme- 
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TABLE I. Preferential Association of Silver Grains With Specific Structures After In Situ 
Treatments of Thin Sections Using Primers for ASL, ASS, and COIII* 

Relative frequency of silver /density 
of structure 

Mit. Mit. outer No.of Total 
mRNA Procedures matrix membrane ER Other EMG grains 

ASL 

ASS 

COIII 

Con t r o 1 

DNase, RT, PCR 
All silver grains 
Med, Lg grains 

All silver grains 
Med, Lg grains 

All silver grains 
Med, Lg grains 

All silver grains 
Med, Lg grains 

All silver grains 

All silver grains 

All silver grains 

All silver grains 

All silver grains 

All silver grains 

DNase, RT 

DNase, PCR 

Variousa 

All PCRb 

DNase, RTc 

DNase, RT, PCR 

No digoxigenind 

No primere 

Sense primerf 

0.61 f 0.11 
0.75 f 0.15 

0.64 2 0.30 
0.31 f 0.27 

0.79 ? 0.12 
0.82 f 0.19 

0.68 f 0.08 
0.66 -e 0.10 

0.76 -I- 0.09 

0.77 0.16 

1.12 f 0.11 

1.25 ? 0.50 

0.79 -I- 0.38 

0.88 2 0.24 

2.43 f 0.48 
3.18 f 0.83 

2.37 2 0.70 
2.75 f 0.86 

1.59 ? 0.60 
1.56 f 0.88 

2.18 f 0.22 
2.78 ? 0.35 

2.36 2 0.40 

2.18 * 0.33 

2.56 f 0.46 

0.22 ? 0.27 

0.84 f 0.27 

0.84 ? 0.14 

1.37 f 0.20 
1.40 2 0.19 

1.47 f 0.34 
1.54 f 0.37 

1.63 f 0.09 
1.47 2 0.14 

1.44 2 0.08 
1.45 f 0.09 

1.36 f 0.20 

1.19 2 0.18 

0.88 ? 0.05 

0.92 f 0.25 

0.87 ? 0.15 

0.88 ? 0.11 

0.87 ? 0.11 
0.76 f 0.12 

0.64 2 0.19 
0.45 f 0.13 

0.70 2 0.22 
0.64 f 0.15 

0.83 f 0.14 
0.55 2 0.06 

0.66 f 0.11 

0.73 f 0.15 

0.85 ? 0.03 

1.08 2 0.08 

1.20 f 0.09 

1.13 f 0.06 

5 5 76 
5 310 

4 185 
3 85 

3 163 
3 122 

20 1217 
18 688 

6 386 

5 240 

5 342 

3 79 

3 131 

4 219 

*Morphometric evaluation of the electron micrographs (EMG) was done as described in the text. The data are grouped 
according to the experimental procedures used, and the populations of silver grains included in the calculations, i.e., all grains, 
or only medium plus large (Med, Lg) grains. The values shown are M ?SEM. One EMG represents approximately 206 km2 of 
tissue. Mit, mitochondrial. 
aIncludes all values shown above, plus additional data from experiments using either DNase plus RT-PCR, or RT-PCR without 
prior DNase, or PCR alone, all with 30 PCR cycles and an annealingiextension temperature of 55"C, with dTTP:digoxigenin 
dUTP = 16.7:l to 20:l. 
bIncludes DNase plus RT-PCR; DNase plus PCR; PCR alone; all with 30 PCR cycles and an annealing/extension temperature of 
55"C, with dTTP:digoxigenin dUTP = 16.7:l. 
'dTTP:digoxigenin dUTP = 15:l. 
dDNase plus RT, using the ASL antisense primer. 
"DNase plus RT, with dTTP:digoxigenin dUTP = 15:l. 
fDNase plus RT, using the ASL sense primer, with dTTP:digoxigenin dUTP = 20:l. 

diately adjacent to the mitochondrial outer 
membrane [Shore and Tata, 1975; Ades and 
Butow, 1980; Suissa and Schatz, 19821. The 
ratios for ER, however, were calculated for the 
entire ER observed on the micrographs, and do 
not reveal the observed preferential distribution 
of the silver grains in the ER near the mitochon- 
dria. To quantitate that distribution, using the 
same electron micrographs from which the data 
in Table I were obtained, the silver grains ob- 
served in the ER were plotted against their 
distance from the mitochondria (Figs. 4, ASL; 5, 
ASS). These graphs also show the numbers of 
grains which appeared to touch the outside of 

the mitochondria. The largest numbers of silver 
grains were within 100 nm of the mitochondria, 
predominantly directly in contact with these 
organelles. One-half to two-thirds as many grains 
were found at distances of 100-200 nm from the 
mitochondria, and many fewer grains between 
200 and 300 nm. Beyond that distance, the 
numbers fell off considerably for ASL and lev- 
eled off for ASS. This distribution pattern was 
observed both with the complete RT-PCR proto- 
col (Figs. 4a & 5a) and with the RT procedure 
alone (Figs. 4b, 5b). Data pooled from various 
procedures used for the ASL primers are shown 
in Figure 4c. Similar results were obtained when 
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Fig. 3. In situ RT-PCR using COlll primers. Section treated with DNase, followed by RT, and then PCR with 
digoxigenin-dUTP as described in the text. Small arrows point to grains over the rnitochondrial periphery or the 
matrix; curvedarrows to grains in the ER. Bar = 1 pm. 

only medium and large grains were considered; 
an example is shown for the pooled ASL data 
(Fig. 4d). Background grains might account for 
the continued presence of relatively small num- 
bers of grains throughout the ER, although it is 
also worthwhile to  consider that at least some of 
those silver grains might be in proximity to 
mitochondria which are just outside the plane of 
section. The apparently larger numbers of grains 
at distances beyond 500 nm from the mitochon- 
dria reflect the fact that these regions account 
for a much larger total area of the ER. Taken 
together with the ratios shown in Table I, these 
data clearly show that ASL and ASS mRNAs are 
predominantly located immediately adjacent to 
the mitochondria or in the ER very near the 
mitochondrial outer membrane. 

By contrast, in experiments using the COIII 
primers, the distribution of the silver grains in 
the ER was very different. There were relatively 
few grains, consistent with the ratio for ER of 
< 1.0 shown in Table I (COIII data), and there 
was no gradient of grains in the ER around the 
mitochondria (Fig. 6, COIII panel). It is likely 
that the grains in the ER are background. Using 
the COIII primers, the silver grains were ob- 
served to be predominantly over the periphery 
of the mitochondria or the matrix. Data from 
control experiments in which either the digoxi- 
genin-dUTP or the primer were omitted from 
the RT reaction, or the sense primer was used, 

are also shown in Fig. 6 (Control panel); there 
were very few grains at the mitochondrial periph- 
ery, and silver grains were distributed rather 
uniformly throughout the ER. 

Other Results 

Because there were many mitochondria in the 
thin sections examined, it could be argued that 
the preferential location of the silver grains rep- 
resenting ASL and ASS mRNAs in the ER very 
near the mitochondria was an artifact, resulting 
from there being more ER near the mitochon- 
dria than far from them. That this is not the 
case is shown by the fact that there was a wide 
range of density of both mitochondria and of ER 
on the micrographs. Point counting results show 
that the percentage of total intersecting grid 
points that fell over the mitochondrial matrix 
ranged from 12.3 to 21.2, the percentage over 
mitochondrial outer membrane was from 3.4 to  
6.1, over ER from 15.5 to  33.1, and over other 
structures from 32.1 to 61.8. There was no 
correlation between the percentage of mitochon- 
drial matrix plus outer membrane and the per- 
centage of ER (correlation coefficient = 0.25 to 
0.37). 

The appearance of the tissue sections clearly 
suffered as a result of the experimental proce- 
dures used. Electron micrographs of sections 
that were stained with 3.5% uranyl acetate, but 
otherwise untreated, show that the tissue was 
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Fig. 4. Distribution of ASL mRNA in the ER around liver 
mitochondria. The total numbers of silver grains (a,b,c) or the 
numbers of medium and large grains (d) observed at the 
mitochondrial outer membrane or in the ER are plotted versus 
their distance (nm) from the outer membrane. Bars labeled 
MM-100 show both the numbers of grains that appeared to be 
in contact with the membrane (upper segment of the bars), and 
those that did not appear to touch the membrane, but were 
within 100 nm of it (lower segment of the bars). Bar labeled 

well fixed and the ultrastructural details well 
defined (Fig. 7). In treated sections, however, 
the mitochondria were much less dense than in 
untreated sections, and much ultrastructural 
detail was lost. This was most likely caused by 
the protease treatment. In the untreated section 
one can see that there are numerous polyribo- 
somes surrounding the mitochondria, and very 
near the mitochondrial membrane. Some of these 
polyribosomes, which are not visible in the 
treated sections, are presumably the sites of 
ASL and ASS translation. Glycogen was not 
retained by the fixation and embedding proce- 
dures used. Areas where glycogen was lost were 
seen in all of the sections as “empty” spaces; 

> 500 nn shows the numbers of grains that were more than 500 
nm from a visible mitochondrion, but were near the nucleus. 
The various panels show data obtained after treatment of the 
thin sections by different procedures, as described in the text: a: 
DNase plus RT-PCR (number of EMC examined = 5). b: DNase 
plus RT (n = 4). c: Various procedures, identical to the descrip- 
tion in Table I, footnote a (n = 20). d: Various procedures as in 
c, but considering only medium and large grains (n = 18). 

this would not have affected the experimental 
procedures used or the results obtained. 

The RT and/or PCR products did not escape 
from the sections in the experiments shown. 
This was determined by electrophoresing recov- 
ered reaction mixtures on 7% polyacrylamide/7 
M urea gels and by examining the gels and films 
of the blotted gels as described in the Methods 
section. No product bands were detected in these 
reaction mixtures. This suggests that there was 
no lateral displacement of products within the 
sections; since the grids were exposed to rela- 
tively large aqueous volumes during the RT and 
PCR procedures, any dissociation of the prod- 
ucts from their site of synthesis would have 
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Fig. 5. Distribution of ASS mRNA in the ER around liver 
mitochondria. The data are plotted as described in the legend 
for Fig. 4. Total silver grains are shown for thin sections treated 
as follows. a: ? DNase ? RT plus PCR (n = 6). b: DNase plus 
RT (n = 5). The specific conditions used are described in detail 
in footnotes b and c in Table 1. 

resulted in their release into solution. In only 
one case was some digoxigenin-labeled product 
found in a recovered PCR reaction mixture; in 
this instance, the sections had been subjected to 
PCR without prior DNase treatment or RT, and 
the PCR had been carried through 30 cycles 
with the COIII primers. Thus, the latter were 
able to  target the multiple copies of the mito- 
chondrial genome, apparently producing more 
product than could be retained in the section. 

DISCUSSION 
Organization of Pathway-Related Enzymes 

In mammalian liver, the pathway of urea syn- 
thesis consists of five reactions, which occur in 
two separate cell compartments. The first two 
reactions take place in the mitochondrial matrix 
[Gamble and Lehninger, 1973; Clarke, 19761, 
and the next three in the cytoplasmic space 
[Ratner, 19761. All the enzymes of the urea cycle 

Distance from mitochondria (nm) 

Fig. 6 .  Distribution of COlll mRNA in and around liver mito- 
chondria and distribution of grains in the ER in controls. The 
total numbers of silver grains are plotted versus their location in 
and around the mitochondria. For the COlll panel, bars labeled 
Mat-MM show both the numbers of grains observed to be over 
the mitochondrial matrix (uppersegment ofthebars), plus those 
over or touching the mitochondrial periphery (lower segment of 
the bars). The other bars show the numbers of grains in the ERat 
various distances (in nm) from the outer membrane; < 100 nm 
refers to grains that did not appear to touch the membrane but 
were within 100 nm of it. The data shown are from thin sections 
treated with DNase plus RT-PCR (n = 5). For the control panel, 
the data are plotted as described in the legend for Fig. 4; the 
conditions used were the same as those described for the 
controls in Table I (n = 10). 

are soluble proteins, meaning that they are found 
in the aqueous phase when cells or organelles 
are disrupted in the absence of detergent. Using 
isotope dilution techniques in incubations of 
intact and permeabilized liver mitochondria and 
hepatocytes, previous studies from this labora- 
tory have shown that these five enzymes func- 
tion in situ as if they are highly organized [Co- 
hen et al., 1982, 1987, 1992; Cheung et al., 
19891 ; pathway intermediates are channeled be- 
tween consecutive members of the pathway, even 
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Fig. 7. 
stained with 3.5% uranyl acetate. Bar = 1 pm. 

Untreated section. The section shown was not subjected to any of the experimental procedures; it was 

across the mitochondrial membranes [Cohen et 
al., 1987; Cheung et al., 19891. The three cyto- 
plasmic enzymes of the pathway, ASS, ASL, and 
arginase, were shown to be organized around 
the mitochondria by consideration of the com- 
bined facts that citrulline is channeled from 
ornithine transcarbamylase in the mitochon- 
drial matrix to ASS in the cytoplasmic space and 
that subsequent intermediates are tightly chan- 
neled between ASS and ASL and between ASL 
and arginase [Cheung et al., 19891. Immunocyto- 
chemical studies at the ultrastructural level con- 
firmed that virtually all the ASS and ASL is 
located just outside the mitochondria in intact 
liver [Cohen and Kuda, 19961. Some immunospe- 
cific protein is also found in the ER in the 
immediate vicinity of the mitochondria. 

Stable channeling of intermediates between the 
urea cycle enzymes requires relatively stable pro- 
tein-protein interactions, which may exist only un- 
der the unique conditions obtained in situ [Srere, 
19871. The molecular mechanisms leading to these 
interactions have not been identified; they may 
require the participation of other proteins of either 
the mitochondrial membranes or, for the cytoplas- 
mic members of the cycle, of the ER or the cytoskel- 
eton. Some of both of the latter structures are 
known to be associated with mitochondria [Shore 
and Tata, 1975; Summerhayes et al., 19831. 

Since ASS and ASL are soluble enzymes, which 
do not retain their association with mitochon- 

dria when the latter are isolated, the present 
studies were designed to determine how the 
previously demonstrated intracellular localiza- 
tion of these proteins might be accomplished. 
Conceivably, this could involve targeting of ei- 
ther the proteins themselves, or their mRNAs. 
The results described here clearly show that 
targeting occurs at  the mRNA level; ASS and 
ASL mRNAs are localized next to the mitochon- 
dria and in the adjacent ER in intact liver. In 
fact, because of the loss of ultrastructural detail 
in the treated sections, it is not possible to state 
with certainty that those mRNAs, which appear 
to be in the ER, are actually on the ER mem- 
branes. It is known that there are polyribosomes 
and rough ER closely associated with mitochon- 
dria in liver homogenates [Shore and Tata, 
19751. In the present work, many polyribosomes 
can be seen around the mitochondria in micro- 
graphs of untreated sections (Fig. 7). Studies in 
yeast, however, have demonstrated that mito- 
chondrial-bound polyribosomes predominantly 
synthesize mitochondrial proteins [Ades and Bu- 
tow, 1980; Suissa and Schatz, 19821. Cytoplas- 
mic proteins appear to be synthesized on free 
polyribosomes, not on the rough ER [Suissa and 
Schatz, 19821. In fact, it is not known on which 
population of polyribosomes ASL and ASS 
mRNAs are translated. The results presented 
here, however, show that the particular polyribo- 
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somes involved are localized to the immediate 
vicinity of the mitochondrial outer membrane. 

Targeting of the mRNAs to this site may be 
the first step of the mechanisms which result in 
the intracellular organization of ASL and ASS 
proteins. It has been pointed out [Bassell et al., 
19941 that the targeting of particular mRNAs to 
limited regions within the cell would be a means 
of achieving high concentrations of newly synthe- 
sized proteins and favoring specific protein- 
protein interactions. We have now demonstrated 
several aspects of the organization of the path- 
way of urea synthesis in situ: the functional 
effects, i.e., channeling of intermediates; a 
mechanistic basis, namely the location of ASS 
and ASL; and a mechanism for the localization 
of these proteins, i.e., the sorting of the mRNAs. 

The phenomenon of mRNA sorting has been 
described for proteins of the cytoskeleton [Sun- 
dell and Singer, 1990; Taneja et al., 1992; Ful- 
ton, 19931 and of developing myofibrils [Isaacs 
and Fulton, 1987; Morris and Fulton, 19941 and 
neurons [Kleiman et al., 19941, and for numer- 
ous proteins in nonmammalian oocytes (e.g., 
Pondel and King, 1988; Gottlieb, 1992; Mowry 
and Melton, 19921. The targeting signal for vir- 
tually all of these mRNAs resides in the 3'- 
untranslated region [Gottlieb, 1992; Kislauskis 
et al., 1993, 1994; Hill and Gunning, 19931. It 
has also been shown in cultured cells that misdi- 
rection of the mRNA of f3-actin can result in an 
altered phenotype [Kislauskis et al., 19941. The 
demonstration of mRNA sorting in somatic cells 
has been largely confined to structural ele- 
ments, whose spatial orientations are relatively 
easily visualized; it has not previously been ex- 
tended to the soluble proteins of metabolic path- 
ways. Yet the organization of functionally re- 
lated soluble enzymes into complex metabolic 
pathways presents demanding and precise re- 
quirements for the localization of specific en- 
zyme proteins. The data presented here show 
that the targeting of the mRNAs of two such 
enzymes occurs in intact liver. Similar mRNA 
targeting may occur for other soluble cytoplas- 
mic proteins that are known to function at or 
near the mitochondrial membrane, such as hexo- 
kinase [Wilson, 19801. 

The organization of metabolically linked 
soluble enzymes into functional complexes in 
situ, as demonstrated for the urea cycle, may be 
an important and common characteristic of cells 
and organelles [Srere, 19871. The unique condi- 
tions of very high protein concentration, molecu- 

lar crowding, and extensive membrane systems 
and ultrastructural networks which exist within 
the cell have been reviewed in detail [Clegg, 
1984; Srere, 19871. All the evidence points to a 
cytoplasmic compartment in which many soluble 
macromolecules are excluded from much of the 
space and physically restricted to certain limited 
areas [Luby-Phelps, 19931. All these factors fa- 
vor intermolecular interactions [Minton, 19831. 
If particular proteins can be delivered and segre- 
gated into restricted intracellular sites, and thus 
accumulate in locally high concentrations, spe- 
cific protein-protein interactions could be more 
readily achieved. One way to accomplish this 
would be by targeting certain mRNAs to those 
particular sites for translation [Bassell et al., 
19941. Such a mechanism provides the possibil- 
ity of additional levels of metabolic regulation, 
such as post-transcriptional alterations in the 
3'-untranslated region targeting signals, or 
changes in the amounts of the RNA binding 
proteins responsible for transporting mRNAs to 
the appropriate location. The targeting of par- 
ticular mRNAs to  limited intracellular locations 
implies that there must also exist families of 
proteins which constitute the targets [Wilhelm 
and Vale, 19931; the levels of these could also 
vary under different metabolic conditions. 

There are complex interactions between the 
cytoskeleton and components of the apparatus 
of protein synthesis. Most poly(A)+ RNA is asso- 
ciated with the cytoskeleton, primarily with the 
actin filaments or the microtubules [Taneja et 
al., 1992; Bassell et al., 19941; these structural 
elements appear to be involved in the transport 
and anchoring of the mRNA [Sundell and Singer, 
1990; Taneja et al., 1992; Hamill et al., 19941. 
Most polysomes are also associated with cytoskel- 
eta1 elements [Lenk et al., 1977; Zambetti et al., 
1990; Hesketh and Pryme, 1991; Taneja et al., 
1992; Hamill et al., 19941. It has been shown 
that the eukaryotic elongation factor EF1-a 
binds to actin filaments and microtubules; it 
crosslinks the former, and affects the polymeriza- 
tion state of the latter [reviewed by Condeelis, 
19951. The cytoskeleton, particularly the micro- 
tubules, also appears to be important in 
anchoring cellular organelles, and perhaps in 
controlling their intracellular movements [Sum- 
merhayes et al., 19831. Each of the above asso- 
ciations is a potential site of regulation of the 
complex process of translation. 
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Methodology 

To investigate the possible localization of ASL 
and ASS mRNAs it was necessary to be able to 
detect these species at  the ultrastructural level. 
For this purpose, a method was developed to 
perform high-resolution in situ RT-PCR. In situ 
RT-PCR at the light microscope level has been 
described by other investigators [Nuovo et al., 
19931, but the level of resolution is not sufficient 
to determine the precise intracellular location of 
specific mRNAs. At the time the present experi- 
ments were done, in situ RT-PCR at the electron 
microscope level had not been reported. Since 
then, the ultrastructural distribution of poly(A)+ 
RNA in detergent-extracted cells has been deter- 
mined by in situ RT [Bassell et al., 19941. In the 
present studies, the method developed for in 
situ RT on thin sections was also successful in 
demonstrating the localization of ASL and ASS 
mRNAs; exactly the same results were obtained 
using in situ RT and in situ RT-PCR. The latter 
procedure was more powerful, however, produc- 
ing more and larger silver grains. 

In situ hybridization provides an alternative 
method for detection of specific mRNAs, and has 
been successfully accomplished at  the electron 
microscope level [Pomeroy et al., 1991; Fischer 
et al., 1992; Bassell et al., 19941. High-resolu- 
tion in situ RT-PCR promises to be a more 
direct, simpler assay than in situ hybridization, 
with the potential for generating a more heavily 
labeled signal. This is a consideration of special 
importance for the visualization of individual 
mRNA species, in particular of species such as 
ASL and ASS mRNAs, which might be present 
in low amounts. In situ RT-PCR at the ultra- 
structural level, which has not previously been 
used to demonstrate the location of specific 
mRNAs, should prove to be a valuable technique 
for this purpose. 
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