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A subfraction of rough endoplasmic reticulum (RER) characterized by its close association with mitochondria
(MITO) was isolated from low speed pellets of normal rat liver homogenate under defined ionic conditions. This
fraction enriched in MITO-RER complexes contained 20% of cellular RNA, 20% of glucose-6-phosphatase and
47% of cytochrome ¢ oxidase activities. Morphologically, the isolated MITO-RER complexes closely resembled
physiological associations between the two organelles commonly seen in intact liver, Partial dissociation of RER
from mitochondria of the MITO-RER fraction was achieved by either EDTA (0.5 mM) or by hypetonic/hyper-
tonic treatment of MITO-RER complexes. With the latter procedure approx. 70% of RER (RER;;,) with 50%
of ribosomes still attached could be separated from the inner compartments of mitochondria. This RER,;;,
exhibited a higher glucose-6-phosphatase activity than RER isolated as rough microsomes from the postmitochon-
drial supernatant. Isopycnic centrifugation on linear metrizamide gradients revealed that the mitochondria-asso-
ciated part of RER corresponds to the high density, ribosome-rich subfraction of rough microsomes isolated in
cation-free sucrose solution. The combined data demonstrate that a morphologically and biochemically distinct
portion of RER is associated with mitochondria and support the concept of considerable intracellular hetero-
geneities in distribution of enzymes and enzyme systems along the lateral plane of the endoplasmic reticulum
membrane system.

Introduction during the rapid proliferation of hepatic endoplasmic
reticulum has been proposed [10]. However, since
all these studies were morphological in nature the

important question whether the obviously hetero-

Ultrastructural studies of mammalian liver have
repeatedly emphasized that with respect to its intra-

cellular topological arrangement mainly two portions
of rough endoplasmic reticulum (RER) can be dis-
tinguished within hepatocytes, one portion being
arranged in parallel arrays of broad flattened bags
(cisternae) whereas the other portion of intracellular
RER consists of single cisternae intimately associated
with mitochondria [1-5]. It has been suggested that
the ratio between the two types of RER depends on
the physiological state of cells [6—8] and varies
between subpopulations of hepatocytes [4,9]. In
addition, for adult rat liver a special regulatory role of
the mitochondria associated part of RER (RERj10)

geneous intracellular distribution of RER is simply a
random phenomenon or indeed mirrors a specific
functional compartimentalisation of this organelle is
unknown.

Numerous subfractionation studies performed in
recent years suggest that in quantitative terms many
enzymes and enzyme system are heterogeneously
distributed along the lateral plane of the RER mem-
brane system [11—15]. However, since homogenisa-
tion of rat liver tissue disintegrates RER into mem-
brane fragments of variable sizes and densities which
sediment anywhere between 100 and 100000 X g, the
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question whether rough microsomes, i.e. RER con-
tained in a postmitochondrial supernatant, as com-
monly used in biochemical studies are representative
tor the whole spectrum of hepatic RER occurring in
vivo, is controversial [15,17]. Furthermore, since the
morphology of rough microsomes is vastly different
from the structure of RER in vivo and since the
numerous variations of subcellular fractionation con-
ditions used by different investigators obviously ail
lead to variable degrees of sorting out of the hetero-
genous RER membranes [18-22] the degree and
type of reported heterogeneities also vary consider-
ably [15—17] and the different subfractions of rough
microsomes cannot be identified with respect to their
intracellular origin. This however should be possible if
at least one part of RER could be preferentially iso-
lated in intact unaltered form.

Several investigations from this and other labora-
tories have provided evidence that mitochondria-asso-
ciated RER (RER,;;,) can indeed be isolated and
preserves its bilammellar configuration and its close
structural association with mitochondria (MITO-RER
complexes [22—25]). The careful centrifugation data
of Shore and Tata [22] and more recently of Pickett
et al. [25] have provided good evidence for a struc-
tural association between the two hepatic organelles.
However, the physiological importance of this asso-
ciation remains poorly understood. With the ultimate
purpose to elucidate an apparent relationship
between the structural contact and the function of
mitochondria and RER, we therefore have adapted
the differential centrifugation procedure previously
used in rats treated with cobaltous chloride (CoCl,
[24]) for the selective isolation of RER i, from
normal rat liver. In addition, in order to correlate
already reported in vitro heterogeneities between
various subfractions of rough microsomes [12,15] to
intracellular heterogeneity of RER in vivo, RER it0
was recovered from low speed pellets of liver homo-
genates prepared under defined ionic conditions and
was enzymatically characterized and compared to
subfractions of rough microsomes prepared exclusively
with cation-free sucrose solutions according to well
established fractionation procedures [26].

The data presented in this study demonstrate that
a distinct subtype of RER membranes is associated
with MITO-RER complexes. Biochemically, RER ;10
is characterized by a high specific activity of glucose-

6-phosphatase and appears to correspond to the high
density, ribosome rich subfraction of RM described
by other investigators [12,15,27]. These findings
further support the concept of intracellular func-
tional heterogeneity of RER and are consistent with
the view that in vitro heterogeneities of endoplasmic
reticulum membranes either with respect to their
sedimentation behaviour or to their enzymatic com-
position may reflect differences in the structure and
function of endoplasmic reticulum in vivo [17] rather
than differences in the physical property of these
membranes in vitro [13,26].

Materials and Methods

Male Sprague-Dawley rats (150--200 g) inbred at
Siiddeutsches Tierzuchtinstitut, Tuttlingen, F.R.G.
(SUT : SDT) were used throughout this study. The
animals were fasted overnight (14—18 h) with free
access to water before they were killed by decapita-
tion.

Procedure A: Subcellular fractionation in the pres-
cence of cations. Isolation of intact mitochondria-
RER complexes

Livers were perfused in situ with ice-cold 0.9%
NaCl, cut into small pieces and these were washed
once in cold 1.15% potassium chloride. All further
isolation steps were done in the cold room at 0—4%.
After determination of wet weight, a 1:4 homo-
genate was prepared in 0.35 M sucrose containing 2.5
mM magnesium acetate and 10 mM Tris acetate, pH
7.4 (designated ‘buffer 17). Homogenisation was per-
formed in a 60 ml glass-Teflon Potter-Elvejhem
homogenizer (radial clearance 0.18-0.24 mm)
rotating at 900 rev./min (11 strokes). The homogen-
ate was filtered through two layers of sterile gauze
and once more through one layer of Miracloth (Cal-
biochem, Lucerne, Switzerland). The general frac-
tionation scheme and the subfractionation of total
microsomes into rough and smooth microsomes is
outlined in Fig.1. The mitochondrial rough endo-
plasmic reticulum complex fraction (MITO-RER) was
prepared by a modification of the technique described
by Lewis and Tata (Ref. 23, Fig.1). The crude
nuclear fraction was resuspended in 3 vol. of buffer 1
in a Dounce homogenizer (loose fitting pestle, 5
strokes). 12.5 ml of this suspension were diluted with
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Fig. 1. Schematic representation of subcellular fractionation according to procedure A. The homogenate was first centrifuged at
900 X g for 10 min to sediment the crude nuclear fraction (cNF). From the supernatant, the mitochondrial-lysosomal fraction
(ML) was pelleted at 8000 X g for 15 min and the microsomes (M) sedimented from the postmitochondrial supernatant at
105 000 X g for 60 min (MSE Superspeed 50 ultracentrifuge, fixed angle rotor No. 59118). Microsomes were further subfraction-
ated into rough (RM) and smooth (SM) microsomes by layering 8 ml of undiluted postmitochondrial supernatant over a two-step
discontinuous gradient consisting of 3 ml of 1.3 M and 1 ml of 0.6 M sucrose {14] and centrifuged at 105 000 X g for 7 h and 40
min [28] in a Beckman 50 Ti rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, CA). SM, which banded at the interface
of the 0.6 M sucrose to the 1.3 M sucrose layer and the pelleted RM were recovered as described in detail by Dallner [26]. Con-
trol parameter for successful subfractionation was a RNA to protein ratio of approx. 0.25 for RM and <0.07 for SM. The exact
isolation procedure of MITO-RER complexes and the purification of the mitochondria associated RER (RER ny4t,) are described
in the text.

6.0 ml cold water and 7.5 ml buffer 1 to give a
sucrose concentration of 0.27 M. 13 ml of the diluted
crude nuclear fraction were carefully underlayered
with 15 ml of buffer 1 and centrifuged for 10 min in
a 30 ml tube at 1050 rev./min (MSE Mistral 4L,
swing-out rotor No. 62303). From each tube, 23 ml
of the opaque supernatant were aspirated and the sus-
pended material (S;) concentrated by centrifugation
at 8000 X g for 20 min to yield the MITO-RER frac-

tion. The methods used for separation of RER
(RER ;10) from mitochondrial components (MITO,.,)
of the MITO-RER complex fractions are described in
legends to Table III and Table IV, respectively.

Procedure B: Subcellular fractionation without use of
exogenous cations

In this procedure, the fractions M, RM and SM
were isolated in the absence of any added cations,
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using only sucrose solutions during the entire frac-
tionation procedure. The various centrifugation steps
were similar to those in procedure A, however, for
the sake of purity and to prevent aggregation of mem-
branes during subfractionation, minor modifications
had to be introduced (for comparison see legend to
(Fig. 1). Livers were perfused in situ with cold 0.25 M
sucrose via the portal vein and cut into small pieces.
These were washed in 0.25M sucrose and a 1: 4
homogenate prepared in 0.35 M sucrose. The post-
mitochondrial supernatant was prepared by centri-
fuging the initial 900 X g supernatant (S,)at 10000 X g
for 20 min [26]. For subfractionation into rough
microsomes and smooth microsomes, the postmito-
chondrial supernatant was diluted with 0.35M
sucrose to a volume of 5ml per 1g of liver wet
weight, layered over the same two step gradient of
sucrose (0.6 M and 1.3 M) and centrifuged as described
under procedure A.

Isopycnic centrifugation of rough microsomes on
linear metrizamide gradients

Rough microsomes were isolated either under the
ionic conditions described in procedure A or in cation-
freesucrose solutions (procedure B). Freshly prepared
rough microsomes were resuspended in 0.25 M sucrose
to a protein concentration of 8—12 mg/ml and 1 ml
of this suspension layered over a linear gradient of
22—44% metrizamide. The gradients were centrifuged
at 40000 rev./min for 6 h in a Beckman SW 41 rotor
(Beckman Instruments, Inc., Spinco Div., Palo Alto,
CA). 1 m! fractions were collected through the bot-
tom of the tube and densities determined from mea-
sured refractive indices. Since microsomal vesicles
interfere with the estimation of refractive index,
tubes without microsomes were centrifuged simul-
taneously [30].

Biochemical methods

All subcellular fractions isolated either in the pres-
ence or absence of cations were resuspended in
0.25 M sucrose (10—20 mg protein/ml) and stored
frozen (—20°C) for a maximum of 48 h before they
were assayed. Once freezing and thawing did not alter
enzyme activities significantly.

Glucose-6-phosphatase was assayed in the presence
and absence of 0.03% deoxycholate according to the
method of Baginsky et al. [31] using aliquots of

samples of 100—400 ug protein in a total assay vol-
ume of 0.4 ml [30,32]. Activity is expressed as gmol
P; liberated per min.

Cytochrome oxidase was directly determined by
following the oxidation of reduced cytochrome ¢ at
550 nm in relation to 541 nm (dual-wave-length
mode of a DW-2 Spectrophotometer, American
Instrument Co., Silver Springs. MD) using a milli-
molar extinction coefficient of 21 [33]. Reduced
cytochrome ¢ (Sigma Type IV) was prepared as
described by Wharton and Tzagaloff [34]. Data are
expressed as umol cytochrome ¢ oxidized per min.

Cytochrome P-450 was estimated in subcellular
fractions by the (CO + Na,S,0,) — (Na,S,0,) differ-
ence spectrum [35] using an extinction coefficient of
91 mM™-cm™ for the difference in absorption
between 450 and 490 nm. In the MITO-RER fraction
the absorbance change at 460 nm relative to 490 nm
was used since this wave-length pair was not influ-
enced by the amount of cytochrome oxidase present
[36]. The extinction coefficient for this wavelength
pair was evaluated in a special set of experiments
where various amounts of rat heart mitochondria
were mixed with liver microsomes and was found to
be 36.4 mM™ - cm™,

Cytochrome bs was measured according to Omura
and Sato [35].

Protein was estimated by the method of Lowry
et al. [37] using bovine serum albumin as standard.

RNA was estimated by the method described by
Fleck and Munroe [38].

Electron microscopy

Freshly excised liver tissue was minced and imme-
diately immersed in 1% osmium tetroxide buffered to
pH 7.4 with 0.1 M s-collidine containing 0.22 M
sucrose at 4°C. After a fixation period of 4 h, the tis-
sue was washed in 0.05M maleate buffered with
NaOH to pH 5.2 for 45 min at 4°C, block-stained
with 0.5% uranylacetate and again washed for 30 min
in the same maleate buffer [39]. Membrane prepara-
tions were pelleted, resuspended in 0.25 M sucrose
and fixed in suspension with 2.5% glutaraldehyde
containing 0.1 M sodium cacodylate (pH 7.4) and
0.17 mM calcium chloride for 2 h.

The suspended material was then centrifuged
(8000 Xg for 20 min for MITO-RER complexes,
105000 X g for 60 min for microsomal subfractions).



Pellets were diced, briefly washed in 0.1 M sodium
cacodylate buffer (pH 7.4) containing 0.17 mM
CaCl, and postfixed for 2 h in 1% osmium tetroxide/
0.1 M sodium cacodylate (pH 7.4) at 4°C. Liver tissue
blocks and fixed subcellular fractions were dehy-
drated in a graded series of ethanol (70—100%) and
propylenoxide for 3-4h and embedded in Epon.
Sections were stained with 1% uranylacetate and
alkaline lead citrate [40] and examined in a Philips
EM model 201 or 200.

Chemicals

Chemicals for electron microscopy were from
Polysciences, Inc., Warrington, PA. U.S.A., metriz-
amide from Nyegaard Co. A/S, Oslo, Norway. All
other chemicals used in this study were of analytical
grade and were purchased from either BDH Chemicals
Ltd., Poole, UK.; Fluka AG, Buchs, Switzerland;
Merck, Darmstadt, F.R.G., or Sigma Chemical Co.,
St. Louis, MO, U.S.A.

TABLE I
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Results and Discussion

Distribution of endoplasmic reticulumm membranes
and mitochondria between subcellular fractions pre-
pared in the presence of exogenous cations. Isolation
of intact MITO-RER complexes

Perfusion of rat livers with isotonic NaCl followed
by fractionation in the presence of exogenous cations
in the form of 10 mM Tris-acetate buffer (pH 7.4)
and 2.5 mM magnesium acetate caused 40—50% of
fragments of endoplasmic reticulum, mostly represent-
ing RER (44% of RNA), to sediment together with
the majority of mitochondria (65% of cytochrome
oxidase) already during the first low speed centrifuga-
tion step (crude nuclear fraction, Table I). Conse-
quently, the yield of microsomes isolated from the
postmitochondrial supernatant was reduced to 14 mg
protein per g liver (wet weight), which is in agreement
with reported yields of microsomes prepared with
cations-containing media [41,42].

DISTRIBUTION OF PROTEIN, RNA AND MARKER ENZYME ACTIVITIES FOR ENDOPLASMIC RETICULUM AND MITO-
CHONDRIA BETWEEN VARIOUS SUBCELLULAR FRACTIONS OBTAINED FROM RAT LIVERS PERFUSED WITH 0.9%

NaCl

Subcellular fractions were prepared as described under Materials and Methods, procedure A, and as outlined in Fig. 1. For homo-
genates data are expressed per g wet weight. Cytochrome ¢ oxidase and glucose-6-phosphatase activity (U) is expressed as umol
cytochrome ¢ oxidized and as umol P; liberated per min, respectively. For subcellular fractions % is based on homogenate repre-
senting 100%. Total recovery refers to the fractions cNF, ML, M and cell sap (Syyp). Data are given as the mean $S.D. with the

number of experiments indicated in parenthesis.

Protein RNA Cytochrome ¢ Glucose-6- Cytochrome P-450
(16) (10) oxidase phosphatase (12)
o) (14)
Homogenate mg/g liver mg/g liver U/g liver U/g liver nmol/g liver
125 +14 5.8+0.6 55+1.5 10.7 £ 1.7 20.0+24
Subcellular
fractions % % % % %
cNF 483+ 47 43.7+5.3 64.6+9.8 44,5 +2.8 38.0 £5.3
NF 16.2+ 4.9 18.6 £3.2 144 £33 16.8 £ 3.0 15.1+2.4
MITO-RER 228+ 45 19.8 £+3.5 46554 20.5+3.5 13.4 £2.0
ML 122+ 2.2 7.1+35 21.3+5.1 7.1 +2.7 10.3 £2.9
M 11.3+ 1.7 334 3.7 1.8+0.8 36.8 + 8.0 48.7+1.3
Sm 260+ 1.6 12.6 £ 2.0 — 35+1.2 -
Recovery 97.8% 96.8% 87.7% 92.0% 97.0%




Fig. 2. Electron micrograph of normal rat liver in vivo. (a) Section of normal rat liver showing a number of mitochondria asso-
ciated with cisternae of RER. Arrows point to areas of close appositions between smooth regions of RER and outer mitochon-
drial membrane. Bar 1.0 um. (b) High power micrograph of a site of close association between RER and mitochondrion. Note
that the ER membrane is agranular over the area of close apposition. M, mitochondrion. E, endoplasmic reticulum. Arrow heads

point to ribosomes, Bar 0.1 um.

Further subfractionation of the resuspended crude
nuclear fraction (cNF) (Fig. 1) resulted in a recovery
of 47% of mitochondria and 10% of RER in the
MITO-RER fraction (Fig. 3a, Table I). This fraction

was virtually devoid of nuclei and larger cell debris
as judged by careful microscopical control of semi-
thin sections of the whole peliet. However, a signifi-
cant loss of mitochondria and RER into the nuclear
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Fig. 3. Electron micrograph of isolated MITO-RER fraction. (a) Low-power electron micrograph of isolated MITO-RER fraction.
Bar 1.0 um. (b) Higher magnification of isolated MITO-RER complexes showing most of mitochondria partially surrounded by
single cisternae of RER. Bar 1.0 um. (c) High-power micrograph of a site of close association between RER and mitochondrion in
an isolated organelle complex. The portion of RER which is closely apposed to the mitochondrion appears free of ribosomes

(arrows). Bar 0.1 um.
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fraction (NF) had to be accepted. An additional loss
of 5-10% of RNA and of glucose-6-phosphatase
activity occurred during the sedimentation of MITO-
RER complexes at 8000 X g, probably reflecting vesi-
culated fragments of RER and SER in the crude
nuclear fraction.

The MITO-RER fraction is characterized by the
presence of mitochondria predominantly in the con-
densed state which frequently are associated with
single cisternae of RER (Figs. 3a, b). These isolated
organelle complexes show a striking similarity to the
associations between RER and mitochondria com-
monly seen in intact liver cells (Fig. 2a). Both in vitro
and in vivo associated RER cisternae frequently
exhibit areas of close appositions to the outer mito-
chondrial membrane. At these sites the ER mem-
branes regularly appear free of ribosomes, leaving an
intermembranous space of surprisingly constant
width (Figs. 2b, 3c).

Influence of cations on sedimentation of endoplasmic
reticulum membranes and on the composition of the
microsomal fraction

Initial perfusion of the liver with NaCl has marked
effects on the distribution pattern of glucose-6-phos-
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Fig. 4. Effect of perfusion of liver with NaCl versus sucrose
on the distribution of glucose-6-phosphatase and RNA in dif-
ferent subcellular fractions. Homogenates (1 :4) from
sucrose- or NaCl-perfused livers were subfractionated by dif-
ferential centrifugation according to procedure B.

phatase and RNA between subcellular fractions, even
if all subsequent fractionation steps are done in rela-
tive cation-free sucrose (Fig.4). Thus, when com-
pared to an initial perfusion with isotonic sucrose,
NaCl perfusion caused an increase in the sedimenta-
tion of RER membranes into the crude nuclear frac-
tion of 30 to 40%, while the amount of endopiasmic
reticulum membranes in the mitochondrial lysosomal
(ML) fraction remained virtually unchanged. The
increase in early sedimentation of RER membranes
after NaCl perfusion was accompanied by the cosedi-
mentation of approx. 60% of mitochondria (data not
shown). Ultrastructural examination of the c¢NF iso-
lated after initial NaCl perfusion with all subsequent
steps in magnesium-free 0.35 M sucrose revealed still
frequent intimate contacts between mitochondria and
RER, which under these conditions was found mostly
in the form of vesiculated fragments (pictures not
shown). Thus, the presence of magnesium jons (2.5
mM) apparently was required to stabilize the cisternal
structure of RER associated with mitochondria.

The influence of the presence of exogenous
cations on the final recovery and enzymatic composi-
tion of the microsomal fraction (M) as well as its
rough (RM) and smooth (SM) subfractions is sum-
marized in Table II. Using exclusively cation-free
sucrose solutions during subcellular fractionation
(procedure B), about 20 mg of microsomal protein
per g liver could be recovered from the initial post-
mitochondrial supernatant, which is in agreement
with values reported by others [14,16,18,43]. Initial
NaCl perfusion of livers lowered the protein recovery
of total microsomes by approx. 50%, which could be
fully accounted for by a decrease in the yield of
rough microsomes. In contrast, the recovery of
smooth microsomes was reduced only if magnesium
jons were present in the sucrose medium. Mg** had
no additional effect on the recovery of rough micro-
somes.

Subcellular fractionation in the presence and
absence of exogenous cations resulted in rough micro-
somal subfractions of apparently different enzymatic
composition (Table IT). Rough microsomes isolated
with sucrose alone (Procedure B) showed a strikingly
higher glucose-6-phosphatase activity and a slightly
increased cytochrome P-450 concentration when
compared to rough microsomes isolated from a post-
mitochondrial supernatant according to Procedure A.
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Fig. §. Equilibrium density of rough microsomes in metriz-
amide density gradient. 8—12 mg protein of RM isolated
either in the presence of cations (procedure A) or in cation-
free suctose solutions (procedure B) were layered over a
linear gradient of 22-44% metrizamide and centrifuged at
284000 X g for 6 h. Fractions were then collected through
the bottom of the tubes (fraction 1 = top of gradient; frac-
tion 10 = bottom of gradient) and analyzed for protein con-
tent. Densities were determined from refractive indices mea-
sured on samples from tubes centrifuged simultaneously
without microsomal material.

In contrast to rough microsomal subfractions, smooth
microsomes isolated in the presence and absence of
exogenous cations had the same glucose-6-phos-
phatase activity and cytochrome P450 concentra-
tions per mg protein. Independent of the isolation
procedure, the cytochrome P450 and cytochrome bs
concentrations per mg of protein were 1.5- to 2.0-
fold higher in smooth microsomes than in rough
microsomes, in accordance with observations by
Gram et al. [44,45]. These data suggested that a dis-
tinct subtype of RER membranes may be associated
with MITO-RER complexes. Additional evidence for
this concept was provided in experiments in which
rough microsomes were isolated in cation-free sucrose
(procedure B) and subjected to centrifugation in
linear metrizamide gradients. In accordance with the
report of Fehrstrom et al. [30], the membranes were
distributed in two major groups with mean densities
of 1.16 g/em® and 1.21 gfem®, respectively (Fig. 5).
The activity of glucose-6-phosphatase was found to

be 0.415 in the heavier and 0.293 umol P;/mg pro-
tein per min in the lighter subfractions of rough
microsomes. In contrast, rough microsomes isolated
from NaCl-perfused livers and in the presence of 2.5
mM magnesium acetate (procedure A) yielded only
one band at a density of about 1.18 g/cm® exhibiting
an activity of glucose-6-phosphatase of 0.275. The
small shift to higher density from 1.16 to 1.18 g/cm?
could be due to slight aggregations which regularly
occurred during centrifugation of ‘cations-isolated’
rough microsomes in metrizamide gradients. These
data strongly suggest that the high density, glucose-6-
phosphatase enriched subfraction of ‘sucrose rough
microsomes’ corresponds to mitochondria-associated
RER, which sediments at low centrifugal force in the
presence of cations because of their intact associa-
tions with mitochondria.

Separation and characterization of RER (RER,,it0)
from MITO-RER complexes

In order to directly evaluate the specific activity of
glucose-6-phosphatase in mitochondria associated
RER, we tried to separate RER from mitochondria.
This was first attempted with small concentrations of
EDTA. Thus, whereas in the absence of EDTA only
about 12% of endoplasmic reticulum membranes
could be separated from adhering mitochondria,
rehomogenisation of the MITO-RER fraction in the
presence of 0.5 mM EDTA increased the recovery of
dissociated endoplasmic reticulum membranes to
around 50% (Table III). Glucose-6-phosphatase was
higher in RERito 2s compared to rough microsomes
isolated from the corresponding postmitochondrial
supernatant (Table II, Procedure B). Increasing the
EDTA concentration to 25 mM decreased the
recovery of RER;;, drastically although ribosomes
were further released from endoplasmic reticulum
(data not shown). Because of this marked detach-
ment of ribosomes from endoplasmic reticulum mem-
branes (recovery of RNA was decreased to 42% at 0.5
mM EDTA, Table IIT) and because EDTA also may
affect glucose-6-phosphatase activity, isolation of
RER;;to Was additionally attempted in the absence
of EDTA. The data in Table IV indicate that after
swelling and contraction of mitochondria by hypo-
tonic/hypertonic conditions 47% of RNA and 70% of
glucose-6-phosphatase of the original MITO-RER
fraction could be recovered as RER,;;,. Based on the
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TABLE 111

EFFECT OF HYPOTONIC/HYPERTONIC TREATMENT ON THE RELEASE OF RER (RERpjto) FROM MITO-RER COM-
PLEXES

The MITO-RER fraction isolated from 5 g liver (wet weight) was resuspended in 20 ml of either 0.25 M sucrose or 0.25 M sucrose
containing 0.5 mM EDTA (pH adjusted to 7.6 with Tris-HCI buffer) to yield a suspension of 45 mg protein per ml. This suspen-
sion was rehomogenized at 800 rev./min (radial clearance 0.18-0.24 mm, eight up and down strokes) and centrifuged at 8000 X g
for 10 min to sediment the mitochondria partially stripped from adhering RER, named MITOrer. The rough microsomal mem-
branes remaining in the supernatant were collected by centrifugation at 105000 X g for 60 min and were designated RERmito.
Data are the mean of two experiments.

Treatment Subcellular RNA Glucose-6-phosphatase Cytochrome oxidase

fraction (umol cycochrome
mg/g liver mg/mg protein umol Py/g umol P;/mg ¢/mg protein/min)
liver/min protein/min

- MITO-RER 0.94 0.050 1.85 0.092 0.143

0.25 M sucrose MITOrer 0.63 0.048 1.25 0.087 -

(Control) RERmito 0.16 0.148 0.22 0.210 0.052

0.25 M sucrose +  MITOrer 0.26 0.030 0.71 0.061 -

0.5 mM EDTA RERmito 0.14 0.149 0.93 0.528 0.031

specific activity of cytochrome oxidase, this RER ;40
fraction was 1.8-times more contaminated with inner
mitochondrial membrane than the corresponding
rough microsomes. The RER;;, subfraction also
contained fragments of the outer mitochondrial mem-

corresponding rough microsomes (Tables II, IV).
Morphologically RER ;;10, either isolated by EDTA
or by hypotonic/hypertonic treatment of intact
MITO-RER complexes, was uniquely present as vesi-
culated particles, ie. in the familiar structure of

branes. However, these contaminations did not
prevent the expression of a higher specific glucose-6-
phosphatase activity in RER;;, as compared to the

rough microsomes isolated from the postmitochon-
drial supernatant (Fig. 6).
The differences in glucose-6-phosphatase activities

TABLE IV

EFFECT OF HYPOTONIC/HYPERTONIC TREATMENT ON THE RELEASE OF RER (RERp;t,) FROM MITO-RER COM-
PLEXES

The isolated MITO-RER complexes were resuspended in hypotonic 20 mM Tris-phosphate buffer (pH 7.8) to a protein concen-
tration of 5—10 mg/ml and mitochondria were allowed to swell for 10 min [29]. After addition of 1/4 vol. of 2.0 M sucrose and
stirring for another 10 min the suspension was carefully rehomogenized in a Potter-Elvejhem glass Teflon homogenizer (600 rev./
min radial clearance 0.18-0.24 mm, four up and down strokes). The inner mitochondrial membranes were sedimented at 800 X g
for 8 min and the vesiculated ER contained in the first and second 8000 X g supernatants combined and pelleted at 105000 X g
for 60 min. This fraction is also denoted RERmito (Fig. 1). Because outer mitochondrial membranes are known to be virtually
free of glucose-6-phosphatase, this fraction was not further purified. Data are expressed as the mean * S.D. of six experiments.

Treatment Subcellular RNA Glucose-6-phosphatase Cytochrome

fraction oxidase (umol
mg/g liver mg/mg protein  umol Pi/g umol P;/mg cytochrome ¢/mg
liver/min protein/min protein/min)
MITO-RER 1.10 £ 0.30  0.052 +0.009 2,20 £0.40 0.098 £0.018 0.155 £ 0.025
20 mM Tris-phosphate
followed by 2.0 M sucrose MITOrer 0.23£0.06 0.021 +0.002 0.45+0.05 0.037 £ 0.005 -
RERmito 0.52 £0.03 0.145 + 0.005 1.50 £ 0.27 0.451 £ 0.024 0.027 £ 0.004




Fig. 6. Electron micrograph of two subfractions of RER isolated by different procedures. (a) Rough microsomes prepared from
postmitochondrial supernatant according to procedure A, as described in Methods, (b) RER membranes (RER 1) separated
from MITO-RER complexes by means of hypotonic/hypertonic treatment as described in legend to Table IV. The separation
procedure resulted in the vesiculation of the RER cisternae. Bar 1.0 um.

between RER,;;, and rough microsomes persisted
even after detergent activation of the glycolytic
enzyme by 0.03% deoxycholate (Table V). These
data demonstrate that the heterogeneity in the distri-
bution of glucose-6-phosphatase between the two
rough subfractions of endoplasmic reticulum most
likely is due to different enzyme concentrations
rather than to an inequality in the physico-chemical
state of membranes [32]. In contrast to rough micro-
somes, smooth microsomes were highly activated by
deoxycholate to the same level of glucose-6-phos-
phatase activity as RER;;;o- These results confirm
that with respect to glucose-6-phosphatase a unique
part of RER can be isolated in close association with
mitochondria from rat liver. It was not possible to

directly demonstrate that this RER ¢, indeed corre-
sponds to the high density subfraction of rough
microsomes isolated in cation-free sucrose (as sug-
gested from data in Fig. 5) because the density of
RER ;1o was lowered by the loss of membrane-
bound ribosomes during the isolation procedure
(Table III, IV) and consequently banded at a mean
density of 1.18 g/cm® during isopycnic centrifugation
in metrizamide gradients (data not shown).

General discussion
This study confirms that a sizeable portion of

hepatic endoplasmic reticulum can be recovered in
close association with mitochondria from low speed



TABLE V

GLUCOSE-6-PHOSPHATASE ACTIVITY OF ENDOPLAS-
MIC RETICULUM MEMBRANES ISOLATED FROM MITO-
RER COMPLEXES AND FROM POSTMITOCHONDRIAL
SUPERNATANT IN THE PRESENCE AND ABSENCE OF
0.03% DEOXYCHOLATE (DOC)

The various subfractions of endoplasmic reticulum were iso-
lated according to procedure A as described in Materials and
Methods. RERmito were prepared from the MITO-RER
fraction by hypotonic/hypertonic treatment (see legend to
Table IV). Data are given as the mean * S.D. of six experi-
ments and were compared by Student’s ¢-test.

Glucose-6-phosphatase
(umol P;/mg protein/min)

-DOC +DOC
RERpito 0.451 £ 0.0242  0.504 £+ 0.027
Rough microsomes 0.302 +0.023 0.332 £0.028
Smooth microsomes  0.343  0.037 0.512 £ 0.027

a Different from RM and SM (£ < 0.001).
b Different from RM (P < 0.001).

sediments of liver homogenates prepared under
defined ionic conditions. This rapidly sedimenting
endoplasmic reticulum apparently corresponds to the
high-density subfraction of rough microsomes iso-
lated in the presence of cation-free isotonic sucrose
according to well established fractionation schemes
(Fig. 5; Ref. 26). Endoplasmic reticulum associated
with mitochondria had a higher content of glucose-
6-phosphatase than endoplasmic reticulum contained
in the corresponding postmitochondrial supernatant.
The biochemical and morphological resemblance of
this subfraction of endoplasmic reticulum to RER
and the apparent structural association with mito-
chondria lead us to propose the term mitochondria-
rough endoplasmic reticulum (MITO-RER) com-
plexes despite the fact that patches of smooth endo-
plasmic reticulum also occur in this fraction, partic-
ularly at sites of close appositions of endoplasmic
reticulum with mitochondria. These data support
the concept that heterogeneities in enzyme activities
observed in subfractions of isolated endoplasmic reti-
culum membranes may indeed reflect intracellular
heterogeneity of endoplasmic reticulum rather than
differences in the physical property of these mem-
branes in vitro [17]. However, whether this is true to
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the same extent for all hepatocytes within the hepatic
lobule cannot be decided from this study, because we
do not known whether we recovered MITO-RER
complexes in equal number from peripheral, mid-
zonal and centrilobular hepatocytes [9].

The morphological structure of the isolated MITO-
RER complexes closely resembles similar associations
commonly seen in intact liver (Fig. 2b, 3¢). Thread-
like connections and even direct membranous con-
tinuities between endoplasmic reticulum and outer
mitochondrial membranes have been observed in
various plant and animal tissues, including rat liver
[46,47]. We have no direct evidence for membranes
being physically continuous between the two organ-
elles in the present study. Interestingly however, and
in agreement with observations reported by other
investigators [22,25], it was extremely difficult to
separate RER i;, from mitochondria by either mech-
anical or other means, e.g. EDTA or hypotonic/
hypertonic treatment (Table III, IV).

In contrast to the rapidly sedimenting endoplasmic
reticulum fraction which previously has been isolated
by differential centrifugation from unperfused rat
liver by Lewis and Tata [23], we found no clusters of
bilamellar RER in the MITO-RER fraction (Fig. 3a).
Only 20% of total glucose-6-phosphatase was
recovered in our MITO-RER fraction (TableI)
instead of 30% by Shore and Tata [22]. Thus, initial
perfusion of the liver with NaCl may predominantly
affect that portion of RER which is present in the
form of bilamellar stacks in intact hepatocytes. Its
dissociation and consequent transformation into vesi-
culated particles during homogenisation could then
result in its sedimentation as rough microsomes from
the postmitochondrial supernatant. Alternatively,
NaCl may selectively protect the in vivo occurring
associations between single cisternae of RER and
mitochondria and therefore cause the cosedimenta-
tion of the two organelles into low-speed pellets
(Fig. 4). This effect appears not to be mediated by
sodium induced ribosomal interaction with outer
mitochondrial membranes, because (a) areas of close
appositions of RER to mitochondria appear free of
ribosomes (Fig. 3¢) and (b) stripping of ribosomes
from RER ;. either by EDTA alone (concentrations
higher than 5 mM in this study; data not shown) or
potassium chloride and EDTA did not release endo-
plasmic reticulum membranes from mitochondria of
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MITO-RER complexes [25]. Interestingly, although
Pickett et al. [25] isolated MITO-RER by rate zonal
centrifugation in a linear sucrose gradient, livers also
were initially washed in ice-cold saline supporting the
suggested important initial role of monovalent cations
for isolation of intact MITO-RER complexes.

The cations required for in vitro protection of
MITO-RER complexes markedly influenced the yield
and enzymatic composition of rough microsomes iso-
lated from the postmitochondrial supernatant when
compared to rough microsomes prepared in the
absence of exogenous cations (Table II). Several
studies in which the rough components of sucrose-
isolated microsomes were further subfractionated
revealed an apparent accumulation of glucose-6-phos-
phatase in high-density rough microsomes {12,13,15,
271, i.e. in vesicles with a large number of bound
ribosomes [48]. The present study demonstrates that
the mitochondria-associated RER most likely is iden-
tical with this high density and glucose-6-phosphatase
enriched subfraction of rough microsomes (Fig. 5,
Table V). This interpretation appears to be valid even
under the assumption of possible contaminations of
isolated subfractions with Golgi membranes, since
only a very small amount of glucose-6-phosphatase
activity has been found in association with this organ-
elle [49,50].

One of the general conclusions which can be made
on the basis of the present study is that inclusion of
monovalent cations into isolation media leads to a
sorting out of RER membranes during subcellular
fractionation of normal rat liver tissue. This may be
the case even with the use of weakly buffered sucrose
solutions for preparation of homogenates from un-
perfused rat liver [17]. On the other hand, our find-
ings confirm that at least qualitatively rough micro-
somes contained in the postmitochondrial super-
natant prepared with the exclusive use of cation-free
isotonic sucrose are more representative of the spec-
trum of all RER membranes occuring in intact liver
[14-16,19,26].

It is impossible, of course, to unequivocally rule
out that the isolated organelle complexes represent
the artificial result of the isolation procedure since
neither in vivo nor in vitro we have specific markers
for MITO-RER complexes. However, the morpho-
logical and biochemical data presented in this study
as well as the extensive centrifugation data provided

by Shore and Tata [22] and Pickett et al. {25] do not
support the interpretation of artifactual generation of
MITO-RER complexes. Furthermore, the observa-
tions that the isolated organelle complexes may serve
specific functions during assembly of the microsomal
hemoprotein cytochrome P450 [24,51,52] also sug-
gest that the associations between RER and mito-
chondria in vivo may not occur at random. However,
the exact role of MITO-RER complexes during bio-
synthesis of cytochrome P450 and other hemopro-
teins has yet to be elucidated. This is presently
attempted in our laboratory by combining selective
isolation of MITO-RER complexes and specific detec-
tion of newly formed apocytochrome P-450 by
immunochemical techniques.

Acknowledgements

The authors are grateful to Karen Schriefer,
Regina Amstein, Regula Herter and Marianne Bucher
for expert technical and secretarial assistance. This
study was supported by grants 3.760.76 and 3.964.78
from the Swiss National Foundation for Scientific
Research.

References

—

Fawcett, D.W. (1955) J. Natl. Canc. Inst. 15, Suppl.,
1475-1503
2 Jones, A. and Spring-Mills, E. (1977) in Histology (Weiss,
L. and Greep, R.O., eds.), pp. 701746, McGraw-Hill,
Inc., New York
3 Tanikawa, K. (1979) in The Liver and its Disorders (Tani-
kawa, K., Eguchi, T. and Jkejiri, N., eds.), pp. 1-32,
Jgaku-Shoin Ltd., Tokyo
4 Drochmans, P., Wanson, J.-C. and Mosselmans, R. (1975)
J. Cell Biol. 66,122
S Wanson, J.-C., Drochmans, P., May, C., Penasse, W. and
Popowski, A. (1975) J. Cell Biol. 66, 2341
6 Philips, M. and Steiner, J.W. (1965) Am. J. Pathol. 46,
985-1005
7 Bernhard, W. and Rouiller, C. (1956) J. Biophys. Bio-
chem. Cytol. 2, Suppl., 73--85
8 Kuenzig, W., Kamm, J.J., Boublik, M., Jenkins, F. and
Burns, J.J. (1974) J. Pharmacol. Exp. Ther. 191, 3244
9 Loud, A.V. (1968) J. Cell Biol. 37,27-46
10 Jones, A.L. and Emans, J.B. (1969) in Metabolic Effects
of Gonadal Hormones and Contraceptive Steroids (Sal-
hanick, W.A., Kipnes, D.M. and Van de Wiele, R.L., eds.),
pp. 68—-85, Plenum Press, New York
11 Dallner, G., Bergstrand, A. and Nilsson, R. (1968) J. Cell
Biol. 38,257-276



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28
29

30

31

32

Lewis, J.A. and Tata, J.R. (1973) Biochem. J. 134, 69—
78

Beaufay, H.A., Amar-Costesec, A., Thinés-Sempoux, D.,
Wibo, M., Robbi, M. and Berthet, J. (1974) J. Cell. Biol.
61,213-231

Depierre, J. and Dallner, G. (1976) in Biochemical Ana-
lysis of Membranes (Maddy, A.H., ed.), pp. 79-131,
Chapman and Hall, London

Eriksson, L.C., Bergstrand, A. and Dallner, G. (1977)
Tissue Res, 179,17-43

Eriksson, L.C. (1978) Biochim. Biophys. Acta 508, 155—
164

Bolender, R.P., Paumgartner, D., Muellener, D., Losa, G.
and Weibel, E.R. (1980) J. Cell Biol. 85,577-586
Adelman, M.R., Blobel, G. and Sabatini, D.D. (1973) J.
Cell Biol. 56, 191-205

Bergstrand, A. and Dallner, G. (1969) Anal. Biochem, 29,
351-356

Howell, R., Loeb, J.N. and Tomkins, G.M. (1964) Proc.
Natl. Acad. Sci. USA 52, 1241-1248

Blobel, G. and Potter, V.R. (1967) J. Mol. Biol. 26, 279—
292

Shore, G.C. and Tata, I.T. (1977) J. Cell Biol. 72, 714—
725

Lewis, J.A. and Tata, J.R. (1973) J. Cell Sci. 13, 447—
459

Meier, P.J., Spycher, M.A. and Meyer, U.A. (1978) Exp.
Cell Res. 111,479-483

Pickett, C.B., Montisano, D., Eisner, D. and Cascarano,
J. (1980) Exp. Cell Res. 128, 343352

Dallner, G. (1974) Methods Enzymol. 31, 191-201
Eriksson, L.C. and Daliner, G. (1971) FEBS Lett. 19,
163-165

Rothschild, J. (1963) Biochem. Soc. Symp. 22,4-28
Parsons, D.F. and Williams, G.R. (1967) Methods En-
mol. 10,443-448

Fehrnstrom, H., Eriksson, L.C. and Dallner, G. (1976)
Prep. Biochem. 6, 133145

Baginsky, E.S., Foa, P.P. and Zak, B. (1970) in Methoden
der Enzymatischen Analyse (Bergmeyer, H.U., ed.), pp.
839--843, Verlag Chemie, Weinheim

Stetten, M.R. and Ghosh, S.B. (1971) Biochim. Biophys.
Acta 233,163-175

33
34

35

36

37

38

39

40
41

42

43

44

45
46

47

48

49

50

51

52

297

Massey, V. (1959) Biochim, Biophys. Acta 34,255-256
Wharton, D.C. and Tzagaloff, A. (1967) Methods En-
zymol. 10, 245-250

Omura, T. and Sato, R. (1964) J. Biol. Chem. 239,
23702378

Kowal, J., Simpson, E.R. and Estabrook, R.W. (1970)
J. Biol. Chem. 245, 24382443

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. (1951) J. Biol. Chem. 193, 265-275

Fleck, A. and Munroe, H.N. (1962) Biochim. Biophys.
Acta 55,571-583

Bolender, R, and Weibel, E. (1973) J. Cell Biol. 56, 746—
761

Reynolds, E.S. (1963) J. Cell Biol. 11, 208-212
Schenkman, J.B. Remmer, H. and Estabrook, R.W.
(1967) Mol. Pharmacol. 3,113-123

Tata, J.R. and Williams-Ashman, H.G. (1967) Eur. J. Bio-
chem. 2, 366-374

Amar-Costesec, A., Beaufay, H., Wibo, M. Thinés-Sem-
poux, D., Feytmans, E., Robbi, M. and Berthet, J. (1974)
J. Cell Biol. 61, 191-205

Gram, T.E., Rogers, L.A. and Fouts, J.R. (1967) J. Phar-
macol. Exp. Ther. 155,479-493

Gram, T.E. (1974) Methods Enzymol. 31, 191-201
Morré, D.J., Merritt, W.D. and Lembi, C.A. (1971) Proto-
plasma 73, 43-49

Franke, W.W. and Kartenbeck, J. (1971) Protoplasma 73,
35-41

Wibo, M., Amar-Costesec, A., Berthet, J. and Beaufay, H.
(1971) J. Cell Biol. 51,5271

Howell, K.E., Jto, A. and Palade, G.E. (1978) J. Cell Biol.
79,581-589

Morré, D.J. and Ovtract, L.P. (1977) Int. Rev, Cytol. §,
Suppl., 61-188

Meyer, U.A., Meier, P.J., Hirsiger, H., Giger, U. and Alt-
haus, F.R. (1980) in Environmental Chemicals Enzyme
Function and Human Disease, Ciba Foundation Sym-
posium, Vol. 76, pp. 101-118, Excerpta Medica, Amster-
dam

Pickett, C.B., Rosenstein, N.R. and Jeter, R.L. (1981)
Exp. Cell Res. 132,225-234



