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ABSTRACT 

Ro ta ry  rep l ica t ion  has been  a d a p t e d  to f reeze-e tching and  eva lua ted  using T4 
po lyheads ,  e ry th rocy te  ghosts ,  and  chloroplas t  m e m b r a n e s .  Conven t iona l  elec- 
t ron  microscopy ,  e lec t ron  diff ract ion,  and  opt ical  diffract ion and fi l tering indicate  
that  p l a t inum-ca rbon  ro ta ry  repl ica t ion  renders  radia l ly  symmetr ica l  cont ras t  and  
25 A resolu t ion  to f reeze-e tched  spec imens  so as to clarify subunit  s t ructure  not  
normal ly  ev ident  in unid i rec t ional  shadow repl icas.  

Freeze-etching has exposed many new details of 
cell and membrane organization, but the unidirec- 
tional shadow method of replication most com- 
monly used with the technique does not contrast 
surface relief in all directions. Furthermore, a uni- 
directional shadow cast by one structure may ob- 
scure a neighboring structure and make it difficult 
to discriminate contiguous elements. These limita- 
tions on contrast and visibility may be as impor- 
tant as the inherent limitation of resolution in 
restricting the information which can be derived 
from an electron micrograph of a freeze-etched 
specimen. 

The limitations of unidirectional shadowing 
have long been recognized (14) and may be over- 
come by using rotary replication. However, the 
mechanical and temperature control required dur- 
ing freeze-etching make it difficult to rotate a 
hydrated, frozen, fractured specimen. By employ- 
ing magnetic rather than mechanical coupling to 
affix the specimen carrier to the cold specimen 
table, we have been able to construct a stage that 
satisfies the usual requirements for freeze-etching 
and also allows specimen rotation during the 
shadowing. We evaluated this rotary replication 
technique by conventional electron microscopy 
and electron and diffraction analyses of the repli- 

cas. We also tested a variety of heavy metal 
shadowing materials and configurations. Our re- 
sults show that platinum-carbon rotary replication 
renders radially symmetrical contrast and 25 A 
resolution to freeze-etched specimens so as to clar- 
ify structural features difficult or impossible to 
discern in unidirectionally shadowed specimens. 

MATERIALS AND METHODS 

Biological Materials 
Ghosts of human erythrocytes were prepared by hy- 

potonic lysis (8). Chloroplasts were isolated from barley 
(Hordeum vulgare L.) in 300 mM NaCl, 50 mM Tricine 
(California Biochemical Corp., Los Angeles, Calif.), 2 
mM MgCl2, pH 7.5, and swollen, washed, and harvested 
in 5 mM Tricine, 2 mM MgCl~. Droplets of the washed 
ghosts in 20 mosmol sodium phosphate buffer, pH 7.6, 
or of the chloroplasts in final Tricine-MgCl~ wash were 
frozen for freeze-etching without further treatment (9). 

Polyheads of T4 mutant 20 (oanN50) were isolated 
from infected Escherichia coli strain B cells as described 
by Laemmli and Ouittner (11). The final pellet contain- 
ing the polyheads was washed three times with distilled 
water and small samples were frozen for freeze-etching. 

Rotary Shadow Unit 

The standard Balzers specimen stage (Balzers High 
Vacuum Corp., Santa Ana, Calif.) was replaced by a 

THE JOURNAL OF CELL BIOLOGY" VOLUME 72, 1977 �9 pages 47-56 47 



cobalt-samarium pot magnet that served to hold down a 
tooth-wheeled specimen carrier, the specimen on its 
specimen support, and a holding plate (Figs. 1 and 2). 
During heavy metal evaporation, a toothed gear-wheel, 
coupled via a feed-through to an electric motor outside 
the vacuum system, caused the specimen carrier, speci- 
men, and holding plate to rotate on the liquid Nz cooled 
pot magnet. A fine powder of molybdenum disulfide 
between the magnet and the specimen carder served to 
lubricate the moving surfaces. 

Freeze-etching 
Specimens were mounted on hat-shaped colper plan- 

chets, frozen in liquid Freon-22 (E. I. duPont de Nem- 
ours & Co., Wilmington, Dei.), and freeze-etching was 
performed in a Balzers unit as described (9), except that 
in many experiments, the specimens were rotated during 
shadow-casting from electron bombardment units (2, 
12). Before evaporation, specimens were fractured and 
etched at -100"C. This temperature was previously veri- 
fied on the rotary specimen carder while stationary, 
using a calibrated thermocouple, but it probably rose 
during the 10-20 s of rotation and shadow-casting. 

Shadow-casting 
Conventional unidirectional shadows were cast from 

standard Balzers electron bombardment guns set at a 25 ~ 
angle to the specimen table surface. The anode materials 
and configurations are described in each experiment. 

The anode materials were as follows (Table I): The Pt 
pellet, C anode consisted of a 2 x 1.5-mm diameter Pt 
pellet inserted in the drilled-out end of a 2 x 20-ram C- 
rod. The Pt-C compound was a mixture of approximately 
50% C-50% Pt in a rod form (Polysciences, Inc., Paul 
Valley Industrial Park, Warrington, Pa. catalog no. 
2947). The other anodes were either pure platinum or 
platinum-iridium (80:20) and platinum-palladium 
(80:20) alloys of 0.2 mm (0.008 inch) diameter wound 

Holding Plate 
Specimen Support 

~ pecimen Carrier 

Pot Magnet 

Fmum~ 1 Rotary replication unit. Either single speci- 
men holding plates with one hole (shown here) or multi- 
ple specimen holding plates with four holes (Fig. 2) were 
used. The pot magnet was a cylindrical cobalt samarium 
Gecor magnet, (General Electric Co., Magnetic Materi- 
als Section, Edmore, Mich.) surrounded by a vanadium 
Permendur (Allegheny Ludlum Steel Corp., Pittsburgh, 
Pa.) pot. 

around the 0.5 mm (0.020 inch) tip of a 2 ram-thick 
tungsten rod, or inserted as a coil inside the drilled-out 
end of a 2 x 20-mm carbon rod. 

For rotary replication the electron bombardment gun 
(platinum pellet-carbon rod anode) was set at an angle of 
6 ~ (chloroplasts), 12" (polyheads), or 16 ~ (erythrocyte 
ghosts) to the specimen table surface. The replica was 
reinforced with carbon from a second electron bombard- 
ment gun positioned above the specimen. 

Trial and error with each new shadow-casting method 
or anode configuration indicated the optimum replica 
thickness, which was measured with a film thickness 
monitor (Balzers High Vacuum Corp.). Only the repli- 
cas of optimal thickness were used for the comparative 
evaluations of replica quality. 

Electron Microscopy 
The replicas, on bare 400-mesh grids, were examined 

in a Philips 301 electron microscope with an anticontami- 
nation device at an accelerating voltage of 80 kV. Magni- 
fication was calibrated with a carbon diffraction grating 
replica (28,800 lines/inch, Ladd Research Industries, 
Inc., Burlington, Vt.). 

Selected area electron diffraction was used to monitor 
the degree of crystallization in the replicas, after one or 
more exposures of the replica area to a standardized dose 
of electrons. Lacking a Farady cage, we approximated a 
standardized electron dosage with the microscope pho- 
tometer. This was done by adjusting the emission current 
and second condenser so that in the standard operating 
mode, with the lenses set at a magnification of 25,000:1 
and the emulsion sensitivity control set at 2, the micro- 
scope photometer indicated that a 2-s exposure would be 
required for a photograph. As soon as a fresh area of the 
replica was positioned under the beam, the microscope, 
with no other settings changed, was switched to the 
diffraction mode, and exposure of a photographic plate 
to the diffraction pattern commenced and continued for 
8 s. The micrograph so produced was taken to represent 
the degree of crystallization in the replica after one 
standard dose of electrons. The degree of crystallization 
detected by the diffraction pattern was scaled by visual 
comparison with four arbitrarily chosen diffraction pat- 
terns of an initially low crystallimty replica which had 
been subject to 1, 20, 100, and 200 standard doses of 
electrons (Fig. 3). When we took an electron micrograph 
of the image of a replica, as opposed to the diffraction 
pattern of a replica, the photographed area of the replica 
was subjected to approximately one standard dose of 
electrons which allowed sufficient time to focus and 
expose the plate. 

All electron micrographs except the filtered images 
are positive images, i.e., platinum deposits appear dark. 
The direction of heavy metal evaporation is shown by an 
arrow at the lower right of each figure. The angle be- 
tween the electron bombardment gun and the specimen 
table surface is shown inside the rotary arrow which 
designates rotary replication. 
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FIGUnE 2 Use of the rotary replication unit. (a) Specimens, mounted and frozen on hat-shaped 
specimen supports (9), were placed, specimen side down, into the holes of the cold holding plate. The 
holding plate (HP) was held in a liquid N2-filled Dewar flask by an applicator (A). An ordinary, small, 
cylindrical magnet in the applicator centered the holding plate in position. (b) After loading the holding 
plate with specimens, the precooled specimen carrier (SC) was placed, upside down, into the applicator. 
The rim of the specimen supports was now sandwiched between the holding plate and the specimen carrier. 
The specimen carrier was held in position by the cylindrical magnet in the applicator. (c) The entire 
applicator, with specimen carrier, specimens and holding plate, was removed from the Dewar flask, 
inverted, and lowered onto a pot magnet which replaced the normal specimen stage in the freeze-etch 
machine. (d) When the applicator was removed, the holding plate, specimens, and specimen carrier were 
held down by the strong magnetic field of the pot magnet which overcame the weaker magnetic attraction 
of the cylindrical magnet in the applicator. Rotation of the specimen carder, specimens, and holding plate 
was affected by the toothed gear wheel (GW) which was swung out of position (Fig. 2c) at all times and 
engaged (Fig. 2 d) only during shadowing. The toothed gear wheel and its housing were designed so that its 
rotation and its movement to engage or disengage the specimen carder were driven by rotation of the same 
feed-through which served as the central shaft on which the toothed gear wheel housing was mounted. 
Stainless steel construction minimized heat transfer between the toothed gear wheels and prevented 
substantial heat transfer during the short time (less than 30 s) required to cast the rotary replica, la 

Image Analysis 

Optical diffraction patterns from representative poly- 
heads were obtained using a helium-neon laser (7). The 
patterns could be indexed on the expected reciprocal 
hexagonal lattice (7) and in many cases showed third and 

la Balzers, AG will shortly market a commercial ver- 
sion of our rotary replication device. 

fourth order spots corresponding to 35 and 25 A, respec- 
tively. The highest angle lattice spots reproducibly found 
in diffraction patterns from a replica were taken to indi- 
cate the resolution in that particular replica. 

In some cases, the polyhead was reconstructed from 
its filtered diffraction pattern (7). The filtering masks 
were prepared by photoetching. 1 

i David J. DeRosier. Personal communication. 
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TABLE I 

Relationship between Grain Size, Platinum Crystallization, and Replica Resolution with Different Replicating 
Material 

Crystallization* 
Grain sire 

Anode (+- 20%) Initial Final Resolution 

Pt pellet, C 

Pt-C compound 
* "  - . ~ * . * . ' *  " ' C  *b * * *~ . ' . . "  t ; I  :. - . ' . ' . . . . -  - * . ~  : , * * . . :  - ~* - 8, : * . ,  I 

Pt+Ir  wire, C 

Pt wire, W 

I - " ~  , ~IV-U 

A A 

25 Moderate High 25 

15 Very low " 50 

20 Low 25 

25 Moderate " 25 

Pt+Ir wire, W 
[ ' , - ~  

I ~; d 20 Moderate 

Pt+Pd wire, W 

! O~ >25 Moderate 

25 

50 

* Initial crystallization represents the degree of crystallization after 1 standard dose of electrons; final crystallization, 
after 200 standard doses. Designations of very low, low, moderate, and high refer to the scale established by the 
reference patterns shown in Fig. 3. 

RESULTS 

Rotary replication disclosed the structure of the 
erythrocyte intramembrane particles (Figs. 4a and 
b) and chloroplast lamellae surface particles (Figs. 
5 b and c) with a clarity usually unattainable by 
unidirectional shadowing (Fig. 4b inset, Fig. 5a).  
The presence of subunits, often in a clear tetra- 
meric arrangement (circles, Fig. 4 b), was particu- 
larly striking in the erythrocyte membrane, where 
we had not been able to discern such detail by 
unidirectional shadowing. However, the heteroge- 
neity in both size and subunit arrangement within 
the population of erythrocyte intramembrane par- 
ticles was surprising and led us to question the 
validity of interpretations based on rotary replica- 
tion. In particular, we asked ourselves whether 
improvement of unidirectional shadowing might 
achieve results equivalent to those of rotary repli- 
cation or whether some process inherent in the 
crystallization of the platinum-carbon replica 
might be producing a misleading artifact. 

Although improvements in the resolution at- 
tainable from heavy metal replicas have been dis- 
cussed (12, 14), we could not find a systematic 
evaluation of the various heavy metal mixtures 

and source configurations which have been pro- 
posed. We therefore undertook such an evalua- 
tion and selected T4 polyheads as a model system 
because their surface structure has been well char- 
acterized (7), is amenable to optical analysis, and 
contains capsomeric units whose size (=60 A) is 
close to or even smaller than that of many intra- 
membrane particles. Our evaluation was based on 
electron diffraction of the T4 polyhead replicas to 
assay platinum crystallinity, direct measurement 
on the electron micrographs to determine grain 
size, and optical diffraction of the micrographs to 
establish resolution limits. 

An electron micrograph of a representative 
platinum pellet, carbon anode replica and its opti- 
cal transform (Fig. 6) is illustrative of our results, 
which are summarized in Table I. Our results 
show that segeral platinum-heavy metal or plati- 
num-carbon combinations produce replicas that 
resolve 25 /~ periodicities. Perhaps because of 
somewhat smaller background granularity, the 
iridium-containing anodes produced replicas 
which sometimes appeared clearer than those pro- 
duced by the other combinations. However, this 
apparent improvement in the quality of iridium 
containing replicas was inconsistent. Furthermore, 
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FIounE 3 Selected area electron diffraction pattern demonstrating the polycrystalline nature of the 
replica. Four successive patterns are shown of a very low crystallinity repfica after 1 (very low), 20 (low), 
100 (moderate), and 200 (high) standard doses of electrons. Half of the print in each pattern has been 
doubly exposed so that the strong low order reflections will become visible. Absence of rings indicates 
amorphous replica structure whereas fully developed rings are indicative of the face-centered cubic lattice 
of platinum (13). Intermediate patterns correspond to partially crystaUographicaUy oriented platinum 
atoms. 

comparison of results obtained from the platinum- 
carbon compound anode with those obtained from 
the platinum and palladium, tungsten anode 
showed that resolution cannot be related to grain 
size in any simple manner. 

In all cases, crystallization of the replicas was 
promoted by exposure to the electron beam of the 
microscope. But, the resolution in replicas of very 
low initial crystallinity was no better, and in one 
case (platinum-carbon compound anode) was far 
worse than in initially moderately crystalline repli- 
cas. Furthermore, optical diffraction and direct 
measurement of the same polyhead, after one and 
again after 200 standard doses of electrons, failed 
to detect any change in resolution or in visible 
grain size concomitant with evident increases in 
crystallinity detected by electron diffraction. Thus, 
the crystallinity of the replica was independent of 
replica resolution and even of replica granularity, 

and increases in crystaUinity did not lead to any 
image deterioration detectable by eye or by opti- 
cal diffraction. Of the heavy metal combinations 
capable of resolving 25 A periodic detail in the 
polyheads, the Pt pellet, carbon anode advocated 
by Moor (12), provided the most favorable combi- 
nation of resolution, reasonable granularity and 
reproducibility. Although we attempted to evalu- 
ate the tantalum-tungsten anode advocated by 
Bachmann et al. (3), overheating and other prob- 
lems prevented us from obtaining useful replicas 
with the Balzers guns at our disposal. 

Having ascertained that the quality of replicas 
produced by unidirectional shadowing could not 
be improved by using other easily accessible heavy 
metal mixtures or anode configurations, and hav- 
ing assured that electron beam-induced crystalliza- 
tion could not account for the substructure or the 
heterogeneity of the rotary replicated membrane 
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FIGURE 4 Freeze-etched erythrocyte ghost after rotary replication. (a) The overall contrast is high 
compared to that of conventional unidirectionally shadowed membranes. Bar, 0.5/.Lm (x 50,000), (b) At 
high magnification many of the intramembrane particles exhibit tetrameric subunit structure (circles) 
normally not visible after conventional unidirectional shadowing. However, heterogeneity in size and 
substructure is also evident (arrows). Bar, 0.1 /~m (x 310,000). 



FmURE 5 Freeze-etched E surface of chloroplast thylakoid membranes after (a) unidirectional and (b 
and c) rotary replication. Subunit structure is occasionally resolved with unidirectional shadowing (Fig. 5 a, 
circle), but with rotary replication the four subunit structures of many individual particles are clearly 
demonstrated (Fig. 5 c, circles). Note that the interparticle spacing (240 x 180 ,~) in a and b are identical 
although the particles appear to be much larger in a. Bar, 0.1 ttm (x 280,000). 

particles, we chose to use the standard Pt pellet, 
carbon anode in rotary replica experiments with 
our model system of T4 polyheads. 

Optical transforms of representative micro- 
graphs (Fig. 7) showed that the resolution of ro- 
tary replicas was equivalent to that of unidirection- 
ally shadowed specimens. However, in contrast to 
the unidirectional shadow-replicas, rotary repli- 
cated polyheads show hexagonally arranged cap- 
someric subunits which can be directly visualized 
in the original micrographs (compare Fig. 6 a with 
Fig. 7a)  and the optical transforms contain recip- 
rocal lattice spots whose intensity is more uniform 
around the undiffracted beam (compare Fig. 6b 
with Fig. 7b),  

We subsequently used optical filtering to facili- 
tate direct comparison between our rotary 
shadowed replicas and previously published fil- 
tered images of the near surface of negatively 
stained polyheads. With negatively stained mate- 
rial, optical filtering is necessary to distinguish the 
superposed near- and far-side images. But optical 

filtering also eliminates random noise from the 
image. Thus, although there is no problem with 
superposition of near- and far-side images in 
freeze-etching, a fair comparison between a rep- 
lica and a near-side (hence optically filtered) nega- 
tive stain image requires that the replica image 
also be filtered. In general, the filtered images of 
unidirectionally shadowed material revealed cap- 
someres which showed less detail than those pro- 
duced by rotary replicated structures. However, 
on rare occasions, the filtered image of a unidirec- 
tionally shadowed polyhead (Fig. 8 a) was compa- 
rable to the routine rotary-shadowed one (Fig. 
8b) ,  and both were very similar to the filtered 
image of negatively stained material (Fig. 8c). 

DISCUSSION 

Our results show that rotary shadowing can be 
used with freeze-etching to elucidate structural 
details and relationships which are not usually 
evident after unidirectional shadowing. Although 
we do not yet understand all of the physical proc- 
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esses which lead to such striking images as those 
shown in Figs. 4 b and 5 b, our investigation does 
rule out a number of simple explanations and 
trivial artifacts which could otherwise he invoked 
to interpret subunit structures seen in these micro- 
graphs: 
(a) Resolution per se is not improved by rotary 

shadowing; both unidirectional and rotary- 
replicated platinum-carbon anode replicas of 
polyheads resolve 25 A periodicities. How- 
ever, direct inspection and optical analysis 
show that only rotary replication is compara- 
ble to negative staining in contrasting speci- 
men structure in a radially symmetrical fash- 
ion. 

(b) Platinum recrystallization in the electron mi- 
croscope cannot explain the rotary shadow 
image. Within the resolution limits we at- 
tained, recrystallization affected neither the 
quality of the replica nor its information con- 
tent. This very surprising result suggests that 
the reorientation of platinum atoms, which 
must accompany the recrystallization detected 
by electron diffraction, e occurs within the 
boundaries of preexisting grains formed be- 
fore the replica is placed in the electron beam. 
Although we cannot, without using minimal 
irradiation techniques, rule out the possibility 
that the electron dosage required for one pho- 
tograph was sufficient to form the characteris- 
tic replica grains, discussions that directly 

2 Recrystallization of thin films in general takes place 
after interaction with the electron beam and is attributed 
largely to electronic processes rather than temperature 
(5). 

equate heavy metal crystallization with resolu- 
tion or replica grain size are clearly misleading 
(see also 14). 

(c) Grains are unlikely to develop in patterns to- 
tally unrelated to underlying structure. Al- 
though we must reckon with decoration arti- 
facts and random grain development, such 
phenomena do not account for our observa- 
tion that in erythrocyte ghosts the intramem- 
brane particles frequently appear to have a 
tetrameric arrangement of subunits, 3 whereas 
similar or even smaller-sized capsomeres in 
polyheads show their hexamer subunit config- 
uration. 

The striking similarity between our filtered neg- 
ative images of shadowed polyheads (Fig. 8 a, and 
b) and the positive image of a negatively stained 
polyhead (Fig. 8c) indicates that heavy metal can 
contrast structural features in a manner that is the 
opposite of negative staining. In other words, 
whereas negative stain tends to accumulate in de- 
pressions, platinum appears to condense upon or 
decorate small protruding structures (1, 14). This 
observation suggests several possible explanations 
for the improved detail seen in rotary replicated 
freeze-fractured membranes: 
(a) It is generally accepted that surface imperfec- 

tions and discontinuities drive the decoration 
processes of condensation and grain develop- 
ment (4, 10). When intramembrane particles 
are symmetrically replicated from all sides by 

a Whether plastic distortion (6) contributes to the parti- 
cle heterogeneity observed in fractured membranes (Fig. 
4b) remains to be clarified. 

Fmu~E 6 (a) A unidirectionally shadowed freeze-etched polyhead and (b) its optical diffraction pattern 
indexed according to the expected hexagonal lattice. Note that some of the first, second, third, and fourth 
order spots of the lattice have been resolved, corresponding to 110, 50, 35, and 25 A, respectively. This 
polyhead was optimally oriented so that its unidirectional shadow provided the best detail of polyhead 
surface structure we have obtained with unidirectional shadowing. Bar, 0.1 p.m (x 210,000). 

FIGURE 7 (a) A rotary replicated freeze-etched polyhead and (b) its optical diffraction pattern. Observe 
that most of the first, second, third, and fourth order spots have been resolved corresponding to 110, 50, 
35, and 25 A, respectively. Polyheads showing this level of surface detail were routinely observed with 
rotary replication. Bar, 0.1 /zm (x 210,000). 

Fmu~ 8 Filtered images of (a) unidirectionally shadowed polyhead shown in Fig. 6a; (b) rotary 
replicated polyhead shown in Fig. 7a; and (c) near side, negatively stained polyhead (reproduced from 
Fig. IIb, DeRosier and Klug, 1972). To facilitate comparison with this negatively stained image, the 
images in (a) and (b) were printed to show Pt deposits in white. Bar, 500 A (x 400,000). 
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the evaporated metal,  decoration of underly- 
ing structure may be more faithful. 

(b) Rotary-replicated particles do not cast true 
shadows on their neighbors, and pileup of 
replica material on one side of a surface pro- 
trusion is avoided. Thus, a rotary-replicated 
particle appears to be smaller and more dis- 
cretely separated from its neighbors than a 
unidirectionally shadowed particle (compare 
in Fig. 5 parts a with b). Similarly, each of the 
subunits in a single particle may be more easily 
discriminated from its neighbors. 

(c) Even when very thin replicas are cast, the 
contrast with which small surface features 
stand out is enhanced by a low angle of repli- 
cation because large areas of the specimen 
which are lower than their surroundings re- 
ceive hardly any metal deposit. With unidirec- 
tional shadowing, some of the advantages of 
low angle replicas are lost because the ex- 
tended shadow cast by even a small protrusion 
may obscure a contiguous protrusion. Since 
this is not true with rotary replication, the full 
benefits of thin, low angle replication may be 
realized. 

We cannot determine which, if any, of the 
above possibilities best explains our results. Other  
effects common to many replication techniques, 
such as differential grain development  on lipids 
and proteins, may also contribute to the images. 
Although experience with other specimens as well 
as further tests with model  systems are needed to 
clarify the mechanism of shadowing and replica- 
tion, our experience to date, albeit limited, indi- 
cates that rotary replication can provide useful and 
interpretable images of freeze-etched specimens. 

Although the equipment  required to perform 
rotary replication is not elaborate,  TM the tech- 
nique is not a substitute for routine unidirectional 
shadowing which is adequate for many purposes. 
Rather,  rotary replication should be a useful ad- 
junct to the standard replica-forming technique 
when radially symmetrical contrast and discrimi- 
nation between small, contiguous elements is im- 
portant. 
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