A. Morphology

I. Cytology
a) General and Molecular Cytology

By WERNER W. FRANKE, ERNST-DIETER JARASCH, WERNER HERTH
ULRICH SCHEER, and HEIDE ZERBAN

3

The present review discusses some general aspects of membrane struc-
ture and problems of membrane isolation and membrane biochemistry,
with particular focus on the endoplasmic reticulum.

1. Structures of Endomembranes and Plasma Membranes, with Special
Emphasis on Observations Made with the Freeze-Etching Technique

Little information on the general organization of membranes has come
from studies using plant cells, except from contributions concerning
the inner mitochondrial and the thylakoidal membranes (for reviews see
SITTE, 1, 2). For example very few botanical studies have contributed
to the recent cascade of examinations and elaborations of the "fluid
mosaic model" concept that emphasizes the lateral mobility of membrane
components (SINGER and NICOLSON; EDIDIN and FAMBROUGH; EDIDIN and WEISS;
FRYE and EDIDIN; for specific problems of fluidity in surface membranes
see also the recent reviews by KOPP; EDIDIN; NICOLSON), again with the
exception of some detailed studies in thylakoidal membranes such as
those by GOODENOUGH and STAEHELIN; OJAKIAN and SATIR (see also the freeze-
etch studies by MUHLETHALER; ARNTZEN et al.; NEUSHUL; MILLER and STAE-
HELIN; EYTAN and OHAD; PARK and PFEIFHOFER).

The advent and widespread application of the freeze-cleavage—etching
techniques, during whose development plant cells have been used from
the early days on (MOOR and MUHLETHALER; BRANTON and MOOR), has re-
sulted in a series of studies in which freeze-cleavage images of endo-
membranes and plasma membranes are compared in a variety of plant cell
systems.

Although regular, membrane type-specific differences in the location of the
cleavage planes as well as in the overall distribution of intramembraneous
particles in comparable fracture faces have not been convincingly and consis-—
tently demonstrated (BRANTON, 1, 2; BRANTON and DEAMER; SATIR et al., 2; PLATTNER
et al., 1; MEYER and WINKELMANN; PINTO DA SILVA and BRANTON; PINTO DA SILVA et
al., 2; DEMPSEY et al.; FINEAN et al.; BULLIVANT; VIAN; BENEDETTI et al.; ORCI
et al.; TILLACK and MARCHESI; FLOWER, 1-3; for historical review of the inter-
pretation of frozen etched membranes see also STAEHELIN; for bacterial membranes
c.f. NANNINGA; for examples in plant cells see MAYER; NORTHCOTE and LEWIS;
HEREWARD and NORTHCOTE, 2; KARTENBECK et al.; FINERAN, 1~3; KIERMAYER and
STAEHELIN; SCHWELITZ et al.; STAEHELIN and KIERMAYER; WERZ and KELLNER;

MATILE, 1; MATILE and MOOR; SOUTHWORTH and BRANTON; BRANTON and SOUTHWORTH;
ZERBAN et al.; ZERBAN and WERZ; BRANTON, 2; WILLISON and COCKING; FRANKE et

al., 1; for refs. see also ROLAND, 1; for problemes of the influence of specific
pretreatment in freeze-etch studies of plant material see FINERAN, 1; PLATTNER
et al., 2; SAKAI et al.; RICHTER, 1, 2; for similar problems in animal cells

see also McINTYRE et al.; KIRK and TOSTESON; BACHMANN and SCHMITT; REITH and
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OFTEBRO; BANK and MAZUR), some minor and gradual differences of particle den—
sities and arrays have been reported, for example as occurtring across dictyo-
somal stacks (STAEHELIN and KIERMAYER; FINERAN, 2; as to animal cells see, how-
ever, also CUNNINGHAM et al.). Particle-free membranes such as those of the
myelin sheath (BRANTON, 3; however, BISCHOFF and MOOR, 1, 2, have described
coarse "humped aspects", probably protrusions and finely granulated faces in
fractures through myelin sheath lamellae) and in viral envelopes (c.f. BACHI
et al., 1, for influenza viruses; SHEFFIELD, 1, 2, for B-type particles; c.f.
also the study on the envelope of the Respiratory Syncytial Virus by BACHI and
HOWE, 2; have not been shown in plant cells.

Somewhat perplexing is the situation in fungal membranes where "freeze-etch
particles" have been repeatedly described but may not be demenstrable in all
species or developmental stages with the same clarity and consistency (for re-
ferences on freeze-etching observations in fungal cells see MOOR and MUHLETHALER;
BRANTON and SOUTHWORTH; MATILE and WIEMKEN; MATILE et al.; §TREIBLOVA; FUHRMANN
et al.; GRIFFITHS; SLEYTR et al.; GIESBRECHT and EMEIS; NECAS; BRONCHART and
DEMOULIN; COLE and ALDRICH; HEREWARD and NORTHCOTE, 1; J.V. ALLEN et al.; HOLT
and LEADBETTER; HESS and STOCKS; HESS and WEBER, 1, 2; HESS et al., 1-4; HESS;
SASSEN et al.; TAKEO, 1, 2; TAKEO and NISHIURA; TAKEO et al.; KOPP; MALHOTRA

and TEWARI.

The particles which have been noted in fractures of the plasma mem-
branes have frequently been interpreted as representing sites contain-
ing the enzymes involved in the formation of cell wall components, es-
pecially of structural polysaccharides such as cellulose (for detailed
discussion see FRANKE et al., 2; WILLISON and COCKING) but it has to
be reemphasized that there is not a trace of biochemical evidence to
support this identification. In general, all freeze etch-studies suf-
fer from the same problem, namely that of what particles are. The intra-
membraneous particles have been repeatedly speculated as representing
protein complexes of a perplexing variety of properties and functions
(particles should be, for example, "sialoglycoproteins", "band III
protein", "concanavalin A receptors", "sites which bear A and B anti-
gens", receptors for other lectins, proteinaceous sites for glucose

and water passage, calcium transport ATPase in sarcoplasmic reticulum,
glycoproteinaceous receptors for certain viruses such as the influenza
viruses and myxoviruses, proteins involved in cell-to-cell contact,
glucan synthetases etc., see, e.g., PINTO DA SILVA and NICOLSON; PINTO
DA SILVA et al., 2; TILLACK et al.; MATILE et al.; SCOTT et al.;
MARCHESI et al., 1, 2; DEAMER and BASKIN; PINTO DA SILVA, 1; BACHI

et al., 2; ROBINSON; ROBINSON and PRESTON, 1-4; LOOR; ROLAND, 1; for
some bacterial membranes see also TOURTELOTTE and ZUPNIK; a correla-
tion to DNA-attachment sites has been speculated by MEYER et al.).
However, it has to be clearly stated that at the moment there is neither
a convincing demonstration of the chemical nature of such particles in
any cell system, nor have the ideas that the patterns of such particles
are correlated with the distribution of distinct membrane components
been confirmed in recent reports on the specific distribution of sur-
face receptors of lectins in mammalian lymphocytes (McINTYRE et al.:
YAHARA and EDELMAN), in cultured mouse fibroblasts (PINTO DA SILVA

and MARTINEZ-PALOMO, 2), and probably also in mammalian erythrocytes
(BACHI and SCHNEBLI). The present situation is so puzzling that it
might best be characterized and summarized by the following quota-
tions: (a) "Freeze-fracture, freeze-etch and molecular labeling techniques local-
Z1ze concanavalin A receptors to the membrane intercalated particles of human erythro-
cyte ghost membranes” (PINTO DA SILVA and NICOLSON; article submitted
March 18th, 1974); (b) "When cells are fixed after con A-peroxidase treat-

ment, .... freeze-fracture examination of these cells does not reveal a correspond—
ing accumulation of membrane particles"” (PINTO DA SILVA and MARTINEZ-PALOMO,
1; article submitted January 16th, 1974; (c) <in studies using normal and
transformed mouse fibroblast 3T3 cells "our results probably imply independence of
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membrane particles and concanavalin A receptors” (PINTO DA SILVA and MARTINEZ-
PALOMO, 2; article submitted November 29th, 1974); (d) "Changes in intra-
membranous particles concomitant with capping of various entities have not been
found" (KARNOVSKY and UNANUE; lecture given April 11-13, 1972); (e)'The
topographic distribution of ferritin-labelled concanavalin A bound to the surface
membrane of mouse lymphocytes has been analyzed by examining ultrathin sections

and ghost membranes in the electron microscope. .... Analyses using freeze—frac—
ture methods tndicated that the distribution of intramembranous particles is not
correlated with eilther the movement of surface receptors or the modulation events"
(YAHARA and EDELMAN; article submitted July 26th, 1974).

The most that can be said at the moment about these structures is that
intramembranous particles of unknown identity are consistently observed
in specific, defined and characteristic densities and patterns.

Obviously, the distribution of the various size-classes of particles recognized
in freeze~etched membranes can be greatly variable within a membrane, as shown
in the plasma membrane of pancreatic acinar cells (DE CAMILLI et al.) and as
illustrated by the various forms of characteristic clusters such as in the order-
ed arrays of junctional complexes and desmosomes (KREUTZIGER, !, 2; CHALCROFT
and BULLIVANT; FLOWER, 2; FRIEND and GILULA; GILULA et al.; ORWIN et al., 1-3;
NOIROT-TIMOTHEE and NOIROT; GOODENOUGH and REVEL; REVEL et al.; SPYCHER; CLAUDE
and GOODENCUGH; McNUTT and WEINSTEIN, 1, 2; REVEL and KARNOVSKY; STAEHELIN et
al., 1; for heterocellular junctions see JOHNSON et al.; for dynamic of gap
junction formation during cell-to-cell contact see also SCOTT et al.), at plasma
membrane sites that are in contact or association with mucocysts or trichocysts
in some ciliates (SATIR; SATIR et al., 1, 2; WUNDERLICH and SPETH; SATIR and
SATIR; PLATINER et al., 1), in the form of the so-called ciliary or flagellar
"necklaces" and other ordered arrays (SPETH and WUNDERLICH, 3; WUNDERLICH and
SPETH; SATIR et al., 3; BERGSTROM and HENLEY; BERGSTROM et al.; GILULA and
SATIR; FLOWER, 1, 2; for further structural differentiation in cilia see also
SATTLER and STAEHELIN), in certain regions of the astrocyte surface in mammalian
cerebellar cortex (LANDIS and REESE; see also DERMIETZEL; GEMNE; for neoplastic
astrocytes see also TANI et al.), in regions of enhanced pinocytesis in intestinal
smooth muscle cells (ORCI and PERRELET), in the "apical endocytic complex" of
ileal absorptive cells in some mammals (KNUTTON et al.), and in the surface
"plagues" of epithelia of the urinary tract (VERGARA at al.; STAEHELIN et al.,
2; PORTER et al.; CHLAPOWSKI et al.; see also the review of HICKS et al.).
Paracrystalline clusters of ca. 11 nm particles have also been described in

the plasma membrane of special plant cells, the "transfer cells" of the root
nodules of the clover, Trifolium repens (BRIARTY). LITTLEFIELD and BRACKER have
reported that the particles are consistently absent in regions where the plasma
membrane of the flax, Linum usitatissimum, is invaginated around haustoria" of
the penetrating pathogenic rust fungus, Melampsora lini (for host-symbiont inter-—
relationships as revealed by freeze-etching see also the study on orchid mycor-
rhiza by HADLEY et al.). Specific arrays of membrane components are usually re-
vealed in freeze-etched gas vacuoles of some blue-green algae (JONES and JOST;
JOST and JONES; JOST; JOST and MATILE; JONES et al.; STOECKENIUS and KUNAU;
WAALAND and BRANTON). A variety of decorative particle arrays (e.g. strands)

has also been described in plasma membrane and acrosomal membranes of sperm
cells, in particular in mammals (FRIEND and FAWCETT; PLATTNER; KOEHLER, 1-3).
Conspicuous particle arrays and "segregation clusters" appear to be relatively
rare in endoplasmic reticulum membranes (c.f., however, BREATHNACH et al.; REITH
and OFTEBRO) but somewhat more frequent in specific regions (MEYER et al.; MOOR
et al.; STEIDLE and HUHN; STEARNER and SANDERSON), especially of nuclear enve-
lopes in sperm cells (PLATTNER; LIU; FRIEND and FAWCETT; for reviews see KARTEN-
BECK et al.; FRANKE, 1; FRANKE and SCHEER, 1). Highly ordered particle arrays
are also known in various bacterial groups, especially among the Gram-positive
species (for reviews see THORNLEY et al.; VAN ITERSON). A large number of re-
ports have described physiological and cell developmental changes in particle
distributions as well as alterations induced experimentally or during viral in-



4 Morphology

fections in both plasma membranes and various endomembranes including the nucle-
ar envelope (WUNDERLICH et al., 1-3; BACHI and HOWE, 1; BACHI et al., 2; SPETH
and WUNDERLICH, 1; SPETH et al.; BROWN and BURLINGHAM; ALDRICH and GREGG; PINTO
DA SILVA, 2; KIRK and TOSTESON; TILLACK and KINSKY; ORCI and PERRELET; ELGSAETER
and BRANTON; VERKLEIJ et al., 1, 2; JAMES and BRANTON; SHECHTER et al.; KLEEMAN
and McCONNELL; FIIL and BRANTON). During immunolysis of mammalian exythrocyte
membranes, when special ca. 10 nm-wide ringlike depressions appear on the outer
surface, the internal particle pattern does not significantly change (ILES et
al.).

In summary, the broadening of our knowledge on the structural organi-
zation of membranes from data obtained with the freeze-etch technique
is rather limited. First, we have learned that the majority of struc-
tures described with the use of other electron microscopic preparation
techniques are not due to artificial changes, especially during the
fixation and dehydration procedures. Secondly, some structures and struc-
tural dimensions described from ultrathin sections and negatively or
positively stained preparations of isolated cell components obviously
are influenced and altered by these treatments (see the refs. quoted
above; as to the particularly illustrative example of nuclear pore
distributions see the evaluations contained in: FRANKE, 1, 2; FRANKE
and SCHEER, 2; KARTENBECK et al.; SPETH and WUNDERLICH, 2; MAUL et
al.; ZERBAN and WERZ, 1). Thirdly, we have learned a lot from freeze-
etch studies about special problems of the interpretation of freeze-
etch images, in particular as to intramembranous fracture planes and
particles. In other words, freeze-etch studies have solved some pro-
blems which they had created.

2. Isolation and Characterization of Fractions of Isolated Membranes

The current state of research in plant cytology and biochemistry is
characterized by the fact that the development of cell fractionation
techniques is largely behind that already achieved with animal cells.
Two reviews on plant cell fractionation procedures and on the methods
that can be recommended for the critical examination and characteriza-
tion of plant cell fractions have recently been published (JACOBI;
PRICE). Among the membranous particles only the procedures for iso-
lating and subfractionating thylakoids and mitochondrial membranes are
sufficiently developed and have produced fractions comparable in quali-
ty to the best fractions obtained in animal cytology (for reviews see
JACOBI; MEHARD; HONDA; LATIES; NOBEL; SCHATZ and KOVAC). As for the
other cellular membranes, the present state of advancement varies
greatly.

a) Nuclear Membranes

Procedures for isolating plant cell nuclei and nuclear envelope frag-
ments were mentioned in last year's review. Meanwhile, one further
review on the isolation of nuclei has appeared (MASCARENHAS et al.),
as well as a detailed study on.the isolation and characterization of
nuclear membranes from onion root tips and stems (PHILIPP et al.). In
addition, SPRING et al. (see also FRANKE et al., 3) have demonstrated
that the nuclear envelope from the giant primary nucleus of the vege-
tative cells of the green alga Acetabularia (for review see WERZ) can
be manually isolated and freed from most of the adherent nuclear and
cytoplasmic material by the use of the same microtechniques that were
originally developed for isolating nuclear envelopes from the giant
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nuclei of amphibia, echinoderms and insects (for reviews see, e.g.
GALL, 1, 2; FRANKE and SCHEER, 1, 2; TRENDELENBURG; FRANKE, 1; FRANKE
et al., 2). Although in principle it seems possible to prepare fairly
well-purified nuclear membrane fractions from plant tissue (see also
FRANKE, 2-4; STAVY et al.; PHILIPP et al.) the yield is relatively low
so that it is difficult to obtain enough membrane material for bio-
chemical characterizations. The comparative data obtained by PHILIPP
et al. show a marked resemblance of lipid composition and enzyme con-
tent to those in rough microsomes prepared in parallel, but emphasize
the retention of some nuclear DNA to the membranes, even after treat-
ment with high salt concentrations.

b) Elements from the Endoplasmic Reticulum ("Rough" and "Smooth"
Microsomes): Isolation and Composition

For more than two decades the rough microsomal fraction has been one

of the best defined and most frequently-used membrane fractions in a
variety of animal cells (for recent reviews see KREIBICH and SABATINI;
KREIBICH et al.; WIBO et al.; TATA; GRAM; FLEISCHER and KERVINA; EL-
AASER et al.; DALLNER; AMAR-COSTESEC et al., 1, 2; BEAUFAY et al., 1, 2;
ADELMAN et al.). Therefore, it is surprising to see how little effort
has been made to develop methods of preparing a similar highly-puri-
fied fraction from plant material, although a variety of plant cells
possess a quite well-developed system of endoplasmic reticulum (ER)
cisternae with ribosomes attached.

Since the early attempts in the midfifties (MARTIN and MORTON, 1-5; LOENING;
AKAZAWA and BEEVERS; HODGE et al.) there has been very little progress and most
of the biochemical studies on plant "microsomes" have been done with insufficient-
ly characterized fractions, especially the morphological examinations (of various
descriptions of "rough" and "smooth" and total microsomes see, e.g., NAKANO and
ASAHI; MOREAU et al.; SHORE and MacLACHLAN; DONALDSON et al.; ABDELKADER and
AUDERSET; ABDELKADER, 1, 2; BOWLES and NORTHCOTE, 1, 2; ABDELKADER and MAZLIAK,
1, 2; KANPP et al.; KEMP and MERCER; FERNE et al.; KNAPP et al.; BRANDT and
BENVENISTE; DUPERON et al.; MEUNIER and MAZLIAK; HIRAI AND ASAHI; the "membrane-
like" fraction which BERGQUIST et al. isolated from supernatants obtained after
150,000 g x 30 min in homogenates of Neurospora crassa mycelia might well con-
tain ER-derived elements but this remains to be proved.) Only the very recent
studies on castor bean endosperm by BEEVERS and co-workers (MOORE et al.; LORD
et al., 2) and on Phaseolus hypocotyls by DOBBERSTEIN et al. really did document
that some of the fractions they used for their investigations on phospholipid
metabolism and polyribosome membrane attachment, respectively, were sufficiently
purified rough microsomes (see below). PHILIPP et al. have recently compared
structural and biochemical data of rough microsomes with and without subsequent
treatment with high salt concentrations from two onion tissues. They presented
fractions which consisted mostly of ribosome-covered vesicles or elongated sacs,
but contained as a minor but inevitable contamination a form of "heavy micro-
somes" represented by smooth-surfaced vesicles which enclose ribosomes and most
probably are derived from the plasma membrane and/or the tonoplast.

Summarizing the data of several authors from various plant materials
one can now conclude that the phospholipid composition of rER membranes
is (a) similar to that of nuclear membranes and (b) characterized by
the predominance of lecithin and phosphatidylethanolamine (PHILIPP et
al. report that these two components constitute more than 80% of onion
root tip rER) and the virtual absence of sphingomyelin and cardiolipin
(for refs. on phospholipid patterns see PHILIPP et al.; MOREAU et al.;
ABDELKADER and MAZLIAK, 1, 2; DONALDSON et al.). Traces of cardiolipin
which sometimes may be found in such fractions (see, however, MEUNIER
and MAZLIAK; McCARTY et al.) are most probably due to mitochondrial
contaminations.
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It is very interesting to note the similarity of the typical phospho-
lipid pattern of membranes of the ER-system to that reported by ALLEN
et al. in the "lipid vesicles" isolated from pea and bean seeds, i.e.
to the phospholipid composition of a structure that represents a non-
membranous reserve-lipid aggregate (MOLLENHAUER and TOTTEN, 1-3; cf.
GURR et al., 2; fatty acid analyses are also presented in these arti-
cles and by GURR et al. (1). This conspicuous similarity in composi-
tion is particularly interesting as MOLLENHAUER and TOTTEN (2) have
stated (a) that such lipid spheres are 'separated from the cytoplasmic
ground subetance by a thin interfactal structure” which they think is "a bound-
ing membrane” (for detailed discussion of the problems of the interpre-
tation of such boundary structures as membranous structures or "pre-
cipitation lines" around lipid globules see also the following articles:
GURR et al., 2; YATSU and JACKS; YATSU et al.; MOLLENHAUER and TOTTEN,
3; PHILIPP et al.), and (b) that "lipid vesicles appear to be synthesized in
assoctation with, but extermal to, the endoplasmic reticulum". These authors,
however, make strong reservations as to the suggestive concepts that
such lipid aggregates, which during germination transformed into sac-
like structures, represent storages that are used for the rapid pro-
duction of ER-elements.

A special problem in analyzing plant membrane phospholipids is that

of hydrolysis by various lipases, in particular by the phospholipase

D which is so common in plants, and results in the artificial accumu-
lation of phosphatidic acid during preparation (KATES; GALLIARD; PHI-
LIPP et al.; DOUCE and LANCE; CLERMONT and DOUCE; NACHBAUR and VIGNAIS).
This degradation, however, can be minimized if certain precautions are
taken, including, for example, inclusion of phospholipase D inhibitors
in the isolation media (see the references given above). Some authors
have also reported data on labeling kinetics of phospholipids which
suggest an intramembranous exchange of lipids and fatty acids between
different membrane types (MAZLIAK and ABDELKADER; ABDELKADER, 2; ABDEL-
KADER and MAZLIAK, 1, 2), especially from ER into mitochondria, simi-
lar to what has long been proposed in animal cells (KADENBACH; WIRTZ
and ZILVERSMIT, 1, 2; for recent review see WIRTZ).

It has also been shown that many of the enzymes involved in the bio-
synthesis of phospholipids are located in the endoplasmic reticulum
membranes (for refs. see VANDOR and RICHARDSON; CASTELFRANCO et al.;
KAGAWA et al.; LORD et al., 1, 2; JOHNSON and KENDE; DEVOR and MgDD;
MOORE, T.S., et a;.), in some contrast to earlier notions of MORRE and
co-workers (MORRE; MORRE et al., 3, 4) who ascribed a major role in
the biosynthesis of these lipids to the Golgi apparatus (see below;
for data suggesting age-dependent shifts of labeling kinetics of phos-
pholipids see CASTELFRANCO et al.).

Results on the sterol contents of such membrane fractions are much
less clear although a large number of sterol analyses in plant mem-
brane material including more or less defined subcellular fractions
have been published (KEMP and MERCER; FERNE et al.; BRANDT and BEN-
VENISTE; DUPERON et al.; KNAPP et al.; STAVY et al.; PAULET et al.;
RUESINK; GRUNWALD; CHENG and SHEEN; KEMP et al.; POINCELOT; MEUNIER
and MAZLIAK; HODGES et al.; KEENAN et al.; PHILIPP et al.; for data
on fungal plasma membranes see HOLTZ et al.; for general reviews see
NES). The amounts of sterols found in rER and nuclear membranes were
relatively high, compared with the cholesterol contents in the cor-
responding fractions from animal cells. Reports of exceptionally high
amounts of cholesterol in pea plumule nuclei and nuclear membranes
(STAVY et al.) are particularly perplexing since in microsomal, mito-
chondrial and plastidal membranes of all higher plants so far studied,
cholesterol has been found only as a minor component relative to sito-
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sterol, campesterol and stigmasterol (see the refs. gquoted above; for
controversial data as to the sterol contents of plastids compare, e.g.
BRANDT and BENVENISTE; PAULET et al.; GRUNWALD; KEMP and MERCER; POIN-
CELOT; NES). In this context it should perhaps be called to mind that
KEMP and MERCER have reported an enrichment of cholesterol and chol-
esterol esters in nuclei isolated from corn shoots, compared to the
contents in microsomes.

Data on the occurrence of glycolipids and other nonpolar lipids in
microsomal membranes are still too sparse. Some authors have present-

ed data on the pattern and biosynthesis of fatty acids from total micro-
somal membranes and from the isolated sterols and phospholipids (e.g.
ABDELKADER and MAZLIAK; ABDELKADER; THIBAUDIN; MOREAU et al.; KEMP and
MERCER; MAZLIAK and ABDELKADER), but the crucial question of whether

the patterns found are constitutive or whether they might be greatly
influenced by physiological factors (as this is well known in many
animal cell types) remains open.

Due to the relatively few comparative studies on membrane lipid moi-
eties among various endomembranes and plasma membranes (for data from
fractions enriched in plasma membrane see, e.g., BARTHOLOMEW and MACE;
HODGES et al.; KEENAN et al.) isolated from the same cell in parallel

it cannot yet be concluded that nuclear and ER membranes were character-
ized by lower sterol contents than Golgi apparatus and plasma membrane
as is the case in various animal cells (MORRE et al., 1, and below).

To our knowledge only one study (DOBBERSTEIN et al.) has examined the
character of the ribosome-membrane interaction in plant rER. The re-
sults obtained with high salt treatments, chelating agents, puromycin,
and ribonuclease, following the strategy developed by BLOBEL, SABATINI
and co-workers (BLOBEL and POTTER; ADELMAN et al.; BLOBEL and SABATINI),
suggest that in bean hypocotyls about 20% of the ribosomes are in mem-
brane structure by both electrostatic interaction and the nascent poly-
peptides. It remains to be clarified whether in plant cells there is
also a selectivity or specificity of the synthesis of export and/or
membrane-bound proteins on membrane-attached polyribosomes, as this
might be suggested by some preliminary studies (see also the refs.
contained in ABDELKADER and AUDERSET) .

c) Elements from the Endoplasmic Reticulum: Redox Components and
Phytochrome

The endoplasmic reticulum in a wide variety of cells contains two elec-
tron transport systems independent of the mitochondrial respiratory
chain, one involving NADH, a flavoprotein (NADH-cytochrome bs reductase
or rotenone- and antimycin-insensitive NADH-cytochrome ¢ reductase) and
cytochrome bg, and the other involving NADPH, a specific flavoprotein
(NADPH-cytochrome ¢ reductase) and cytochrome P-450. Possibly, other
components such as non-haem iron proteins and other flavoproteins are
also integrated into these redox chains (SIEKEVITZ; OMURA et al.;
LOVERDE and STRITTMATTER; HILDEBRANDT and ESTABROOK; LU and LEVIN).
There is evidence that similar electron transport systems are also
present in the endoplasmic reticulum of plant cells, although the
constituents have not yet been satisfactorily characterized. Antimy-
cin-insensitive NADH cytochrome c reductase activities have been re-
ported in the microsomal fractions from silver beet petioles (MARTIN
and MORTON, 1, 2), wheat roots (MARTIN and MORTON, 3), oat roots
(LEONARD et al.), onion stems and root tips (PHILIPP et al.), from
roots, cotyledons and stems of pea seedlings (RAGLAND and HACKETT, 1;
HIRAI and ASAHI; NAKANO and ASAHI), from cauliflower buds (CRANE),
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castor bean endosperm (DONALDSON et al.), and soybean cell cultures
(MORRE and BEEVERS). ELDAN and MAYER, who measured NADH-cytochrome c
reductase activity in germinating lettuce seeds, postulated its pres-
ence in the mitochondrial compartment; it is likely, however, that

this activity was primarily due to a microsomal enzyme. The specific
activities reported for the microsomal NADH-cytochrome ¢ reductase
were in the same range or slightly less than those given for the micro-
somal fractions of animal cells (FRANKE, 1; KASPER). PHILIPP et al.
reported an enrichment of rotenone-insensitive NADH-cytochrome c re-
ductase activity in the rough endoplasmic reticulum from onion root
tips, compared to total microsomes, and also its localization in nu-
clear membrane fractions, in agreement with the studies on nuclear mem-
branes from animal cells (ZBARSKY et al.; KASHNIG and KASPER; BEREZNEY
et al., 1; FRANKE et al., 4).

A b-type cytochrome with peaks in the "reduced versus oxidized" dif-
ference spectrum (room temperature) at approximately 559, 527, and 427 nm
has been described from the microsomal fractions of beet petioles and
wheat roots (MARTIN and MORTON, 4), mung beans (BONNER; KASINSKY et
al.), castor bean endosperm (LORD et al., 1, 2), turnips (RUNGIE and
WISKICH), and from the microsomal and nuclear membrane fractions of
onion root tips (PHILIPP et al.). The a-band of this pigment splits -
in the low-temperature difference spectrum - into two symmetrical
peaks at about 552 and 558 nm. This property, together with its anti-
mycin-insensitivity, its reduction by NADH and, to a lesser degree,

by ascorbate, and its slow virtually absent autoxidizability show that
this b-cytochrome is closely related to cytochrome by described from
mammalian and yeast microsomes (STRITTMATTER and VELICK; ESTABROOK;
YOSHIDA et al.). The nomenclature of these b-cytochromes in plants

is very confusing: MARTIN and MORTON (1, 4); also RUNGIE and WISKICH
called it cytochrome bj, a name already given to a soluble pigment
from broad bean leaves (HILL and SCARISBRICK; SHICHI et al., 1) which,
according to LUNDEGARDH (1, 2), is also localized in chloroplasts and
wheat root mitochondria. The definite localization of these cytochromes
remains to be established. KASINSKY et al. designated their particle-
bound cytochrome from microsomes and mitochondria of mung bean seed-
lings cytochrome b-555 (BONNER). These authors, however, also described
a cytochrome b-555 with similar or identical properties from the solu-
ble fraction of etiolated mung bean seedlings (SHICHI and HACKETT, 1,
2; SHICHI et al., 2). An ascorbate-reduced cytochrome b-559 has been
described from plant chloroplasts by BOARDMAN and ANDERSON (1, 2).
This is probably identical with LUNDEGARDH's cytochrome bj, while the
cytochrome b3 of SHICHI et al. (1) might be identical with the mito-
chondrial cytochrome by from Arum maculatum (BENDALL and HILL, 1;
BENDALL; the localization of cytochrome b; in the mitochondria, how-
ever, has been questioned by BONNER et al.) and the mitochondrial cyto-
chromes b-557 and b-559 from various other plant tissues (LANCE and
BONNER; STOREY, 1, 2; LAMBOWITZ and BONNER). The complex situation
with the plant cytochromes has been covered in several reviews (HARTREE;
SMITH and CHANCE; HACKETT; BONNER; BENDALL and HILL, 2; CHANCE et al.;
LEMBERG and BARRETT). However, little information about the authentic
intracellular location of these enzymes is available.

Apart from the many uncertainties concerning the identity and compart-
mentalization of the cytochromes in plants, it seems to be fairly well
established that a microsomal redox system exists in many plants, in-
volving a NADH-cytochrome ¢ reductase which is insensitive to rotenone
and antimycin and at least one b-cytochrome, similar to the NADH-de-
pendent microsomal electron transport chain from animal cells. While
the discussion on the functions of this redox system is still open
(for example a second electron donor system in certain mixed-function
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oxidations might not even exist in mammalian liver: HILDEBRANDT and
ESTABROOK; CORREIA and MANNERING; or it might be responsible for the
desaturation of fatty acids: SHIMAKATA et al.), virtually nothing is
known about its function in plant cells (see the discussion below).

NADPH-cytochrome c¢ reductase activity has been observed in microsomal
fractions from potato tuber (HACKETT et al.), silver beets (MARTIN and
MORTON, 2), castor bean endosperm (LORD et al., 1, 2), endosperm of
Echinocystis macrocarpa (MURPHY and WEST), and in microsomal and nuclear
membrane fractions from onion stems and root tips (PHILIPP et al.).
This last report, which again stresses the similarity of nuclear mem-
brane and membranes of the rough endoplasmic reticulum is especially
interesting in view of the continuing debate on the presence of NADPH-
cytochrome ¢ reductase activity in these membranes in a variety of
animal cells (BEREZNEY et al., 1, 2; FRANKE, 1:; JARASCH and FRANKE;
KASPER) . The specific activity of this enzyme was variable in the range
of a few per cent up to more than three times the level of the NADH-
cytochrome ¢ reductase in the same fraction. As PHILIPP et al. pointed
out, the microsomal NADH-cytochrome c¢ reductase was more inactivated
by preparative stresses than the NADPH-cytochrome c reductase. There-
fore, the enormous differences in the specific activities of these two
enzymes do not necessarily reflect physiological differences. NADPH
diaphorase activity (usually measured with dichlorophenol indophenol
or ferricyanide as electron acceptors) has been also found in plant
microsomes (MARTIN and MORTON, 2; RAGLAND and HACKETT, 2). This activ-
ity, however, was higher in mitochrondrial and soluble fractions than
in the microsomes. The dependence on NADPH of certain mixed-function
oxidase reactions in plant microsomes has been investigated by RUSSELL
for cinnamic acid 4-hydroxylase in pea seedlings, by DENNIS and WEST
(see also MURPHY and WEST) for the kaurene hydroxylation in Echinocystis
endosperm, and by COOLBAUGH and MOORE for the same reaction in pea
seedlings. In all these examples, NADH was less or not effective as
electron donor. The N-demethylation of certain herbicides in cotton
hypocotyl microsomes (FREARet al., 1, 2; TANAKA et al.) is affected

by NADH or NADPH equally well, whereas the oleyl coenzyme A hydroxy-
lase from castor bean seedlings has been reported to be specific NADH
(GALLIARD and STUMPF). These mixed-function oxidase reactions could

be interpreted as indications of the presence of microsomal electron
transport systems similar to those described in mammalian liver (e.g.
GILLETTE et al.; BOYD and SMELLIE; KING et al.).

The terminal oxidase of most mixed-function oxidations in animal cells
is a carbon monoxide binding pigment, cytochrome P-450 (KLINGENBERG;
OMURA and SATO; ESTABROOK et al.). It is also present in some micro-
organisms (e.g. CARDINI and JURTSHUK; LEBEAULT et al.; GUNSALUS and
LIPSCOMB). It has been found in higher plants as well. MARKHAM et al.
reported its presence in the microsomal fractions of bean and maize
cotyledons and pea seedlings but not in microsomes from mung bean or
citrus fruits. FREAR et al. (2) and LORD et al. demonstrated it in the
microsomal fractions from cotton hypocotyl and castor bean endosperm
respectively, and MURPHY and WEST in Echinocystis endosperm. These
authors showed the inhibition by carbon monoxide of the kaurene hy-
droxylation and the reversion of this inhibition by light. The photo-
chemical action spectrum was that of a typical cytochrome P-450. Simi-
lar results were obtained by MOORE, T.C., et al., and RUSSELL in pea
seedlings. Recently, the dependence on cytochrome P-450 of the cinnam-
ic acid 4-hydroxylation has been reported from microsomes of Sorghum
seedlings (POTTS et al.). MOORE, who was the first author to demon-—
strate the presence of cytochrome P-450 in higher plants (CHANCE et
al.), noted that plants which contained cytochrome bs (cytochrome b-555)
also contained cytochrome P-450. This review seems to contradict the
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report by PHILIPP et al., who could not find cytochrome P-450 in onion
root tip microsomes and nuclear membranes, in spite of the presence

of cytochrome bs; as well as of NADH- and NADPH-dependent cytochrome c
reductase activities. In this tissue NADPH is as effective as a re-
ducing agent of cytochrome by as NADH. Therefore it is possible that
both redox chains feed into the same pathway. In the light of the in-
sufficient knowledge of plant cytochromes it is premature to draw gen-
eral conclusions concerning the presence and function of the micro-
somal electron transport systems. One has to keep in mind various
alternatives such as i) that either a cytochrome bs- or a cytochrome
P-450-dependent electron transport chain is present in the cells,

ii) that both systems interact and function in concert, and iii) that
some components of one system might be integrated into the other sys-
tem while other components are lacking. Furthermore, the components

of these electron transport chains may not necessarily be firmly bound
to the membranes (as in mammalian liver) but might be partly (as in
the mammalian adrenal) or altogether (as in bacteria) extracted into
the "soluble" fraction.

As to other pigments that might be present in endomembranes, it has
been recently reported by COLEMAN and PRATT that an antibody against
phytochrome binds to various membranous structures including profiles
of the ER-systems, a finding which seems to correlate with the demon-
strations of the binding of phytochrome <n vitro to membrane surface
(MARME et al.).

d) Elements from the Endoplasmic Reticulum: Phosphohydrolases

Apart from such ubiquitous and poorly-characterized activities as the
"acid phosphatase" which seems to occur in the nuclear envelope and
the endoplasmic reticulum as well as in vacuoles, vesicles, dictyo-
somes, and along the plasma membrane in various cell types (for bio-
chemical data see, e.g., HIRAI and ASAHI; MATILE, 2; LAU and LYGRE;
PHILIPP et al.; RAY et al. LEONARD et al.; see various chapters in

the book by JACOBI; for <m situ localization see, e.g., ROLAND, 2;
LIVINGSTON et al.; BRRTEN; POUX, 1-3; MICALEF; BERJAK; for reviews

see DAUWALDER et al., 1, 2) a variety of more specific phosphohydro-
lase activities have been reported in the ER. The most intensely studied
enzyme activity is the ATPase. While basal M92+—stimulated ATP-ase ac-
tivity is clearly localized in both the nuclear envelope and the ER
(e.g. PHILIPP et al.; LEONARD et al.; STAVY et al.; WILKINS and THOMP-
SON; MASLOWSKI and KOMOSZYNSKI) it is by no means a specific enzyme
for these structures. It occurs not only in various other plant cell
membranes (LEONARD et al,; HANSSON and KYLIN; RAY et al.; LEONARD and
HANSSON; HODGES et al.; GILDER and CRONSHAW; FUHRMANN et al.; SCHIBECI
et al.; HOLTZ et al.; for fungal plasma membranes cf. also the reviews
in the textbook by JACOBI) but also in a variety of nonmembranous struc-
tures. In view of the morphological relationship and even - in some
situations - direct continuity between the endoplasmic reticulum and
the outer plastidal membrane (CROTTY and LEDBETTER) the localization
of divalent cation stimulated ATPase on the outer membrane of chloro-
plasts (SABNIS et al.) should be called to mind. As to the occurrence
of Mgz+—ATPase activity that can be stimulated by monovalent cations,
there are several reports indicating that this activity is present in
fractions enriched in plasma membrane or other smooth-surfaced membrane
components such as tonoplast fragments (HODGES et al.; WILKINS and
THOMPSON; LAI and THOMPSON, 1, 2; LEONARD et al.; KUIPER; FISCHER and
HODGES; HANSSON and KYLIN; for fungal plasma membranes, however, see
HOLTZ et al.) but is absent from nuclear membranes and from rER (PHI-
LIPP et al.; see, however, MASLOWSKI and KOMOSZYNSKI). It is still



General and Molecular Cytology 11

subject to debate whether such activity is sensitive to ouabain (for
controversial findings see HODGES et al.; MASLOWSKI and KOMOSZYNKSI;
FISCHER and HODGES; FUHRMANN et al.; SPANSWICK and WILLIAMS; JANACEK
and RYBOVA; MacROBBIE). A detailed study of the electron microscopic
localization of nucleoside triphosphatase activities in phloem parts
of tobacco has been presented by GILDER and CRONSHAW.

Among the other nucleotidases several have been localized with great
significance in ER-elements and the nuclear envelope using both as-
says in isolated membrane fractions and localization <n siZtu. This
holds in particular for inosinediphosphatase (IDPase) (PHILIPP et al.;
MARUYAMA; POWELL and BREW; ZAAR and SCHNEPF; ZERBAN and WERZ; GOFF
and KLOHS; KLOHS and GOFF; RAY et al.; MOORE and BEEVERS; for review
see MORRE et al., 1, 2; DAUWALDER et al., 1, 2; for the localization
of this enzyme in the ER-system in animal cells see e.g. GOLDFISCHER
et al.). This enzyme activity was considered for some time to be a
potential marker enzyme for the Golgi apparatus, but recent studies
have shown that it is spread over the endomembrane system and that
the various reported cases of specific localizations in dictyosomes
most probably reflect just the most stable form of activity, i.e.
most resistance to fixation or isolation procedures (for examples in
plant cells see e.g. RAY et al.; DAUWALDER et al., 1, 2; ZERBAN and
WERZ; GOFF and KLOHS). In addition, most studies show that the cap-
ability of these endomembranes to hydrolyze IDP is not specific at
all, because other nucleoside diphosphates are split in ER-membranes
as well, although frequently at somewhat lower rates (for refs. see
e.g. DAUWALDER et al., 1, 2; PHILIPP et al.; GOFF and KLOHS; RAY et
al.; ZAAR and SCHNEPF) so that some authors prefer to speak of a non-
specific nucleoside diphosphatase (NDPase) activity. Such NDPase ac-
tivity may be related to the glycosyltransferase activities in these
membranes (e.g. RAY et al.; POWELL and BREW; DAUWALDER et al., 1, 2).

It is an open question whether true specific nucleoside monophosphata-
se activities do exist in plant membranes at all. Although hydrolysis
of 5'-nucleotides such as 5'-AMP has been occasionally reported in
various plant materials, including determinations in ER type membranes
(GILDER and CRONSHAW; LAI et al.; STAVY et al.; see however, ZAAR and
SCHNEPF; HOLTZ et al.; PHILIPP et al.), the enzymic specificity of the
activities measured still remains to be clarified.

A particularly well studied enzyme activity is the thiamine pyrophos-
phatase (TPPase) which has frequently been localized with great pre-
ference and apparent specificity in dictyosomes, sometimes even with
a polar distribution (for animal cells see GOLDFISCHER et al.; and,
in Amoeba, WISE and FLICKINGER; for plant cells see DAUWALDER et al.,
1, 2; ZERBAN and WERZ; POUX, 3; MARUYAMA; MORRE et al., 1, 3) but
again there are some indications that this enzyme might be present,
though with lower activity, in other endomembranes as well (ZERBAN
and WERZ, 2).

A special controversy has arisen about the question of whether plant
cells contain true glucose-6-phosphatase (G-6-Pase) and whether this
is a membrane-associated activity. Some authors have reported the lo-
calization of G-6-Pase in the endoplasmic reticulum and the nuclear
envelope by biochemical (STAVY et al.; LAI et al.) or cytochemical
(ROLAND, 2) techniques, respectively. Others have reported G-6-Pase
activity in plant cells which, however, was "soluble” and definitely
not membrane-associated (cf. e.g. MORRE et al., 3). On the contrary,
some authors (LAU and LYGRE; PHILIPP et al.) conclude from their
experiments that the apparent hydrolysis of G-6-P is due to a non-
specific acid phosphatase activity.



12 Morphology

e) Elements from the Endoplasmic Reticulum: Glycosyltransferases

The enzyme activities that transfer carbohydrate residues from nucleo-
tides to endogenous or artificial acceptors and contribute in vivo to
the formation of cell wall and storage polysaccharides as well as to
the synthesis of membrane-bound glycolipids and glycoproteins are of
special interest to botanists. While several reports have suggested
the localization of such activities in the Golgi apparatus (for earlier
references see BROWN et al.; NORTHCOTE; RAY et al.; see also last year's
review in FRANKE et al., 2; POWELL and BREWER; BRETT and NORTHCOTE)
and in the plasma membrane (e.g., BRETT and NORTHCOTE; SHORE and Mac-
LACHLAN; MORRE et al., 3; HODGES et al.) only relatively few studies
mention the occurrence of glycosyltransferases in elements isolated
from the ER, including smooth microsomal fractions that could well
contain either dictyosomal or plasmalemma fragments (BOWLES and NORTH-
COTE, 1, 2; SHORE and MacLACHLAN; for discussion see also DAUWALDER

et al., 2). Certainly, the localization of the various transferase ac-
tivities and the identification of their products <n situ will be major
problems in plant biochemistry and cytology in the future, especially
the elucidation of the "classic" question as to where in the secretory
pathway the structural and crystalline cell wall polysaccharides are
formed (see last year's review). At the moment, the possibility cannot
be excluded that such processes are also carried in the ER-system or
are at least initiated there.
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