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ABSTRACT

Techniques are described for mounting and visualizing biological
macromolecules for high resolution electron microscopy. Standard
techniques are included in a discussion of new methods designed to pro-
vide the highest structural resolution. Methods are also discussed for
handling samples on the grid, for making accurate size measurements at
the 20 R level, and for photographically enhancing image contrast.

The application of these techniques to tﬂe study of the binding
of DNA polymerase to DNA is described. It is shown that the electron
micrographs of this material are in agreement with the model proposed
by Dr. Arthur Kornmberg. A model is deseribed which locates several
active sites on the enzyme.

The chromosomal material of the protozoan tetrahymena has been
isolated and characterized by biochemical techniques and by electron
microscopy. This material is shown to be typical of chromatin of higher
crestures.

Comparison with other chromatins discloses that the genome of
tetrahymena is highly template active and has a relatively simple
genetic construetion.

High resolution electron microscope procedures developed in
this work have been combined with standard biochemical techniques to
give a comprehensive picture of the structure of interphase chromosome
fibers. The distribution of the chromosomal proteins along its DNA

is discussed.
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METHODS OF HIGH RESOLUTION ELECTRON MICROSCOPY

I. Introduction

Biology is now in the infancy of a very exciting period of
macromolecule structure solving. X-ray diffraction techniques have
solved the three dimensional structure of a few simple macromolecules
such as myoglobin, lysozyme and hemoglobin. Whether larger molecules
can be fruitfully studied by this method remains to be seen. However,
molecules which cannot be crystallized cannot be studied by X-ray dif-
fraction. For large molecules and molecules which are not in crystal-
line environments, electron microscopy is the tool which will give us
structural information. High resolution electron microscopy of macro-
molecules is not new. Visualizing any structural detail but the gross
molecule itself, however, is new. With this method, the conformation
of the important macromolecules, their significant complexes with each
other and the nature of their biologically active regions will be
visualized. DNew techniques for delicately mounting a representative
sample of molecules from solution onto the supporting grids will be
developed. These molecules will be visualized directly or with highly
specific stains or sophisticated shadowing. Focus will be controlled
by the machine, and the images will be handled by television systems
for direct computer image enhancement. This may be done by taking
multiple stereo images of many similar molecules and asking the computer
to construct the best model. The model will be projected on a T.V.
screen and can be rotated in space for any desired view.

Most of these sophisticated techniques have not been worked out,

but the fundamental methods on which they will be based are available.



Computer image enhancement will be a wvery powerful tool, but on a
simple level it can be duplicated by photographic techniques at hand.
The door to macromolecule structure solving is open now. Ten angstrom
resolution on most macromolecules can be achieved. If the molecules
have a very regular structure or crystallize as does catalase, finer
detail can be observed. Under ideal conditions, the two strands of DNA
can be separately resolved. DNA polymerase from pr. Kornberg's labora-
tory at Stanford can be visualized bound to DNA and several problems
related to its binding have been answered.

The object of this paper is to describe in a very detailed way
the techniques which are unique to this new field of microscopy. Some
of these techniques are standard, others are refinements of old methods
that have been worked out in this laboratory during a detailed study of
chromosomal DNA-protein fibers.

The following presents an overview of the field followed by a
detailed description of the techniques. ZEmphasis has been placed on
discussing the appropriate method for different types of samples and

the pitfalls of these methods.



IT. General

High resolution microscopy holds many problems. The sample
must be taken from a free aqueous environment to a flattened, dehydrated
state. The macromolecules must be spread out but not sheared on one
hand or aggregated on the other. The fine detail of the molecules must
be preserved and contrast enhanced with the use of heavy metal shadowing
or staining.

Because of their size and delicate structure, most macromole-
cules are difficult to handle. Typical DNA molecules studied have a |
length to width ratio of 10,000 to 1. Spreading them without breaking
them requires a great deal of finesse. Larger structure such as nucleo-
histone macrofibers or chromosomes may be so delicate that even the
most gentle mounting procedures will cause serious damage.

During mounting, the aquecus phase is removed and the sample
deposited on the grid. In this process, local high ionic conditions
may occur, and surface tension or other two-phase boundary effects are
always present. These short term conditions are difficult to predict
or control and may cause damage. Conditions of high salt concentration
will remove histone proteins from nucleohistone fibers or DNA polymerase
from DNA. Air drying and slow freezing of DNA solutions produce side-
by-side aggregates.

The touchstone of mounting is getting the sample to bind tc the
grid. Poor binding generally requires high concentrations of the sample
and leads to aggregation and nonrepresentative selection of molecules

in the sample. Streaking chromosomal fibers on untreated carbon grids



selects for long molecules and produces 'Christmas tree'" aggregates.
* Good binding assures representative sampling and provides good spreading
with the least amount of damage.

Heavy metals must be used to enhance the contrast of the image
in the microscope. Achieving the highest resolution requires balancing
high contrast produced by large amounts of heavy metal, against good
detailing obtained at low amounts of metal while keeping the character-
istiecs of the photograephic films in mind. -

The purity of the sample and the amount of other biochemical and
biophysical date gbout the sample ultimately determine how much informa-
tion can be derived from high resolution electron microscopy. Small
amounts of nonvolatile salts can mask fine structure and the bits and
pieces of debris always present in cell fractionation preparations can
completely confuse the interpretation of micrographs. There is no sub-

stitute for purity in obtaining unambiguous results.



ITI. Preparation of Supporting Grids

Preparation of the supporting films is extremely important. At
the present time, the inherent roughness of the supporting films limits
the resolution obtainable by shadowing or by unstained dark field
microscopy. They must be both smooth and "sticky" to provide good
spreading, representative selection, and high resolution.

The Philips microscope uses supporting screens 3 mm in diameter
to support the films. These are availeble from Ladd or Pelco (1). For
general use, the Pelco copper CG-300 300 mesh grid has been used.
Meshes larger than 300 will not support the very thin carbon films and
finer meshes are too small for studying long fibers.

Two general types of films are in current use. The first class
comprises the plastics, formvar and parlodion. They are formed as a
thin film over water, mica, or glass surfaces then stripped off and
placed over copper screens. The second type is the pure carbon film
formed by vacuum evaporation onto mica.

The sample generally determines which class of film is best.
Formvar and parlodion are easy to form and work with and have the ad-
vantage of being continuous. Most material adheres well to these films
and negative stains spread well on them. Thelr disadvantages appear in
high resolution work. Intense beam currents cause them to melt and move
in the field. TFor & given tensile strength, they are more electron
opaque than carbon films. For high resolution shadowing, standard

parlodion and formvar films are too rough. This can be circumvented by

using the smooth parlodion film discussed below.



Carbon films are the strongest commonly used films. They also
afford the best possible contrast. The coefficient of thermal expan-
sion of graphite is close to zero so that there is little film movement
in the beam. Carbon films have several disadvantages. They are
brittle, hard to work with, and difficulty is often encountered in get-
ting a negative stain to wet the surface and material to stick. When
the sample does stick, aggregation is usually a p;oblem. Methods to
overcome this handicap are discussed below.

Figure 1 shows how carbon films are prepared. Mica sheets are
cleaved with a razor blade of scotch tape. Micae cleaved along molecular
planes is believed to provide the smoothest obtainable surface for rep-
lication. The mica is immediately placed in a Denton vacuum evaporator
or similar device and a vacuum of at least 1 x lO-h mm Hg obtained.
Spectrographically pure 1/8 inch thick, 1 inch long carbon rods with
1/16 inch thick x 3/16 inch long points from Ladd are used. One pointed
rod is spring butted against the flattened end of another and part or
all of the point evaporated onto the fresh mica surface by passing at
least 25 amperes through the rods. In general, evaporation of 1/2 of a
point at a distance of eight inches from the mica sheet will produce a
carbon film of moderate thickness.

The carbon coated mica sheets are stored in a humid atmosphere.
They are placéd on wet filter paper pads in covered petri dishes and
left in a refrigerator until use. The carbon films may be kept this
way for several months. The remaining steps, however, should be done

each time grids are needed.



Making Carbon Grids
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figure 1 (a) Using a razor blade, a sheet of mica is cleaved
to obtain a fresh surface. (b) A thin layer of carbon is deposited
by vacuum evaporation. (c) After one hour in @ humid atmosphere
the carbon film is stripped off onto a water trough. (d) Copper
screens dipped in adhesive are dropped onto the floating
carbon film and rescued with a cellophane - petri dish drum.



The carbon film can be stripped from the mica sheet after it has
been in a humid atmosphere for at least one hour. A 1 cm x 3 cm piece
is cut from the sheet and lowered at a 45 degree angle, carbon side up,
onto the surface of a water trough. The carbon film should remain in-
tact. If it does not, the mica was not properly cleaved or the carbon
film is too thin. Very thin films are often difficult to see on the
trough. Cold water should be used; condensation on the surface of the
carbon makes the very thin film visible. Carbon films will not adhere
to copper screens and are often washed off during the mounting steps.

To avoid this, grid adhesives are necessary. The adhesive in use now is
a 1% solution of polybutene in xylene (2). The copper screens are
dipped in this solution, drained off on filter paper then dropped di-
rectly onto the carbon film floating on the trough. It is essential

to allow at least 30 minutes for adhesion to take place. The grids are
removed from the trough with a drum made from Saran wrap and a petri
dish. The drum is placed rapidly down on the floating film then lifted
up from the water surface edgewise carrying the film and grids with it.

The carbon grids are air dried on the drum then placed back into
the evaporator and a 50 micron vacuum obtained. A continuous discharge
condition is created by applying a tesla coil across two terminals in
the chamber. The grids are left in the discharge for at least fifteen
minutes. This final step is very important. It is believed that the
bombardment by charged molecules produces chemically active groups on
the surface of the film to which molecules will bind. These "ionized

grids" must be kept dust-free and the sample mounted within one-half



hour of ionization.

Parlodion films are formed on a water or mica surface. A stock
solution of 3% parlodion in amyl acetate is prepared and is stable for
several months. In the standard procedure, one drop of the stock solu-
tion is placed onto the surface of a water trough. After spreading to
form a thin film over the surface, the parlodion polymerizes as the amyl
acetate evaporates. This takes one to two minutes. As soon as the film
shows a loss of the polymerization rainbow patterns, grids may be
dropped onto the film in the manner used for meking carbon grids. No
adhesive is necessary. The grids are rescued with a Saran wrap drum and
ionized before use.

Smoother parlodion films are produced by a combination of the
carbon and parlodion techniques. A freshly cleaved mica surface is
wetted with a parlodion solution and then set on edge to drain and
allowed to dry. Carbon may be evaporated on this for strength. The
parlodion or carbon-parlodion film is then handled in the same manner
as the carbon films. Selection of the concentration of parlodion is
determined by the thinness of the film required. A thin self-supporting
film is produced by using 0.3% parlodion and backing it with a small
layer of carbon for strength. A 1.0% parlodion film is self-supporting
(Fig. 5a).

Formvar films are normally made by wetting an acid-cleaned glass
microscope slide with a 0.5% solution of formvar in ethylene dichloride.
The slide is tipped on edge to drain and air dried 30 minutes. The film

is stripped off onto a water trough, and handled in the same manner as
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the other films. If trouble is encountered in strivping, the coated
slides may be steamed briefly. It is important to scrape the formvar
from the edges of the glass slide prior to stripping.

Formvar or parlodion grids containing many small holes are com-
- monly used to correct microscope stigmatism. These may also be used as
extreme fine-mesh grids to support extraordinarily thin carbon films, or
to support material to be observed with no supporting film such as col-
lagen rods laid across a hole. Films containing many small holes may
be made using a 1% emulsion of glycerol in 0.5% formvar or 3.0% par-
lodion solutions.

A DuPont polymer, paralene (3) has been tested. This is formed
by thermal cracking and repolymerization on a surface in a vacuum. The
plastic does not appear useful as a simple substitute for parlodion or
carbon. However, its ability to be formed over complex surfaces could

be extremely useful in replication of large surfaces.
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IV. Mounting Techniques

Mounting may be very easy or extremely difficult depending on
the sample. For example T4 phage are mounted successfully by almost any
haphazard method whereas mounting chromosomes requires a very delicate
technology. Some of the factors determining the procedure used are the
size and shape, the tendency to aggregate, and the vulnerability to
physical and chemical damage. Often the experiment itself will dictate
the procedure to be used. Quite different methods are used to make
width measurements or length measurements on DNA molecules. It is im-
portant to have a variety of mounting methods at hand. This provides
the best micrographic data and ensures that a result is not a unique
artifact of one particular mounting method.

The simplest and most commonly used mounting procedure is streak-
ing. A drop of solution containing the sample is placed on a prepared
grid then drawn off by touching it to the edge of a piece of filter
vaper. The remaining film of liquid is &ir dried or dehydrated in
ethanol. The exact details of this method must be worked out for each
sample. If the molecules do not stick readily to the grid, several
streakings may be used. If the solution contains nonvolatile components
such as sucrose, glycerol or NaCl, one or two water washes may be neces-
sary. Washing is done in the same manner as streaking.

For proper stresking, the grid must be hydrophilic so that a
thin film is formed on the grid when the excess solution is removed. If

the surface does not wet properly, the drop will appear to roll off as a
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bead. In this case the grids should be ionized. Sometimes breathing on
the grids will make them wet properly.

Streaking works for most any sized molecule or structure pro-
vided that it is rugged enough to stand the rather violent surface
tension and shearing forces. Molecules which aggregate readily will do
s0 unless they stick very well to the grid. Chromatin fibers or DNA
should not be streaked (Fig. 2a) as they will form side-by-side or
Christmas tree aggregates and are broken by the shear forces. Only in
the few cases where it is necessary to line up the DNA molecules should
this be used. Phage particles, hemoglobin, ferritin and ribosomes are
all successfully mounted by this procedure. Solutions of 10 ug/ml to
100 ug/ml of protein are streaked once across parlodion grids, washed
once and air dried.

A less commonly used mounting procedure is spraying. In this
technique, the solution is placed in an atomizer which is used to spray
fine droplets onto the grid. The object is to cover the grid with
single unmerged drops whose original extent can be observed by the
material left behind after drying. The grid is air dried. This has no
advantage over streaking, except when used to determine the concentra-
tion of particles in the solution. In a typical experiment, a solution
of phage is assayed for infective titer by plague formation and then a known
concentration of 880 R diameter polystyrene spheres is added and the
mixture is sprayed on a grid. The grids are shadowed, and a count of

phage particle per polystyrene sphere per drop is made. This gives a
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measure of infective to total phage varticles. Spraying may be combined
with freeze drying if the material is disrupted by liquid drying
effects.

Two methods are availaeble for depositing the sample on the grid
as a liquid and dehydrating with the least damage due to shearing and
surface tension forces. In the firsf method, devised here for chromo-
somal fibers, dehydration is done by direct immersion into 95% ethanol.
The second procedure is a modification of the Anderson critical point
drying method in which dehydration is carried out step-wise from 25%
ethanol to 100% ethanol.

In the first technique, rapid ethanol immersion, the most criti-
cal step is the actual grid preparation. For small structures or fibers,
freshly prepared, ionized, thin carbon grids must be used. A drop of
solution containing the sample in 0.005 M ammonium acetate is placed on
a sheet of Saran wrap. The grid is floated face down on the drop for
10 minutes. During this time, the molecules bind to the active grid
surface. The grid is then lifted from the drop carrying a droplet with
it and plunged face down into a trough of 95% ethanol. In this step one
should avoid streaking the water off, but rather to try to form an
ethanol-water interface which will collaspse evenly onto the grid. Fol-
lowing one minute in the ethanol, the excess liquid is removed with the
edge of a pilece of filter paper and the sample air dried.

This procedure has been used for most all the work done by the
author on nucleic acid-protein complexes. It is simple and reproducible

as long as strict attention is paid to using fresh grids and working
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rapidly after ionization. Grids should be used within 15 to 30 minutes
of ionization. This method is recommended for all high resolution shad-
owing studies and any DNA preparations where cytochrome-C spreading
cannot be used. It is highly useful for any sample where shearing and
ionic forces must be avoided. Results obtained by this method appear
similar to those obtained by the much more tedious method of freeze dry-
ing (see Fig. 2b,c). Vhen done properly, the material left on the grid
is probably a good representation of the material in the solution.

The Anderson critical point drying method has been extensively
used by E. J. DuPraw (4, 5). This procedure has been simplified by Dr.
John Hearst and Dr. Robert Cummings for chromosome studies. In this
method, the sample, normally a large structure such as a chromosome is
placed on a carbon or formvar grid in a drop of buffer. The grid is
then taken through the following concentrations of ethanol: 25%, 35%,
50%, T0%, 95%, 100%. At each step the grid is simply immersed in a
small beaker of the solution for five minutes. TFollowing the 100%
ethanol step, the sample is placed in amyl acetate for five minutes. In
the critical point drying method, the amyl acetate is replaced with
liquid 002 under pressure and then passed through the critical point of
CO2 for drying. Hearst and Cummings have eliminated the last step; the
sample is simply air dried following five minutes in amyl acetate.

This procedure is almost as simple as rapid ethanol immersion
and for any sample should be compared with that procedure to determine
which gives the best results. In general the latter vprocedure is best

suited for preserving detail in structures such as chromosomes.
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A review of the mounting procedures used for protein-nucleic
acid complexes indicated that an extremely gentle method was needed.

One attractive method that had been used with some success was freeze
drying.

In concept, freeze drying is quite simple. An aqueous solution
of the sample and a volatile buffer éuch as ammonium acetate is spread
across the surface of & mica sheet and rapidly frozen. In a vacuum, the
water and salts are removed by sublimation. The sample is visualized by
a replica technique. The mica sheet with the molecules is first shad-
owed with & heavy metal, then covered with a layer of carbon also by
evaporation. The mica-metel-carbon sandwich is placed in & warm, humid
atmosphere for 1 hour and the carbon plus metal film stripped from the
mica in a water trough. Grids are made as if it were a simple carbon
film.

In most of the earlier procedures, a freshly cleaved mica sheet
was simply dipped into the solution, plunged into liquid nitrogen, and
then transferred in the nitrogen to a dessicator. After 3 to 12 hours,
the mica sheet was transferred to an evaporator for the shadowing steps.

From an examination of the results obtained by this method, it
was clear that there were two serious limitations. Whereas ideally
there should be little loss of sample molecules from the mica during the
dessication and shadowing steps, it was found that 99%-99.9% of the
sample placed on the mica was lost. Secondly it was clear that often

the freezing was far too slow, producing aggregation (Fig. Lec).
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The apparatus and procedure described below successfully ofer—
comes these problems and has been found to produce routinely good re-
sults.

It was found that most of the sample loss occurred during the
steps between dessication and shadowing. To eliminate this loss, these
steps have been combined into one operation. Furthermore, more careful
attention to the detalls of freezing has reduced the amount of freezing
artifacts.

The apparatus is shown in Fig. 3. A cup with screen and retain-
ing ring for holding the mica sheets, is held in the evaporator by a
holder and transferred from a styrofoam insulated can with a cup holder.
The cup is made so that the mica sheet with frozen sample may be kept
immersed in liquid nitrogen until it is in the evaporator and evacuation
has begun. For this, the cup has a set of wire screens which hold the
mica at variable distances below the lip of the cup.

The apparatus is used in the following manner. A drop of solu-
tion is spread over a thin sheet of freshly cleaved mica. The solution
is then frozen in one of the manners to be described below. Under
liquid nitrogen, the mica with frozen sample is placed in the cup and
secured by the retaining ring. The cup has been previously placed in
the insulated can filled with liquid nitrogen. The cup is rapidly
transferred from the can to the evaporator with the holder and evacua-
tion begun.

The mass of the cup provides the desired slow rate of warming

over a period of 3 to 4 hours. The mica sheet and sample are rotary



figure 3 Freeze-dry apparatus
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shadowed and carbon coated using 2 sets of electrodes. The mica-metal-
carbon sheets are handled in the manner described in the first procedure.
It is important to work as rapidly as possible so that the sample re-
mains immersed in liquid nitrogen until evacuation has begun.

Freezing may be done by several different methods. In the
simplest, the solution is spread on the mica and the mica plunged into
the liquid nitrogen in the cup. Due to the poor thermal conductivity of
- liquid nitrogen, direct immersion provides a relatively slow freezing
rate. A faster rate can be achieved by rapidly placing the mica sheet
on a polished silver or copper block which is chilled in liquid nitrogen
and then immersing it in the nitrogen filled cup. The block must be
kept frost-free. Even faster freezing should be achieved using iso-
pentane chilled in liquid nitrogen. All isopentanes tried have proven
to contain too many nonvolatile components to be satisfactory. Lower
temperatures and faster freezing rates than those produced by liguid
nitrogen are avaeilable. It is the author's belief, however, that with
thin films of solutions on mica, that the freezing rates produced by
liquid nitrogen-chilled silver blocks are sufficient to produce a glass
and that the most important consideration is producing even cooling over
the mica sheet. Uneven cooling forms moving freezing interfaces which
will cause aggregation.

Freeze drying done in this manner is a true replica technique.
The macromolecules, unless very large, remain on the mica after strip-
ping. Only the metal-carbon film is removed. This was demonstrated by

stripping the films onto uranyl acetate or phosphotungstic acid solutions
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followed by water washes, In regions where the shadow clearly showed
the former presence of DNA or protein molecules, no DNA or protein spe-
cific stain was detected. It would have been visible had the molecules
been present in the stripped film. Clearly, this method is not suit-
able for shadow=-plus-stain techniques, for some variations of electron
microscope autoradiography or suitable for the highest resolution
shadowing in which a very small amount of tungsten is used.

If these limitations make this method unusable, the freeze dry-
ing may be done directly on the grids. Medium thickness carbon films
should be used. The grids are handled as mica sheets, but carried only
to the metal shadowing step. This method has the added advantage of
allowing more samples to be done at once. Chromosomal fibers freeze
dried in the replica method is shown in Figure 2b.

The use of a protein surface film for spreading DNA was first
investigated by Kleinschmidt and Zehn (6). Since then many variations
of this procedure have been developed (7).

The normal procedure involves forming a protein-DNA complex on
the surface of a water trough. A drop of a solution of DNA and protein,
usually cytochrome-C, in a high enough salt concentration to keep the
two components disassociated is layered over the surface of a water
trough buffered at a lower ionic Strength. It is believed that the
protein surface denatures and binds to the DNA. The binding performs

two roles: it spreads the DNA out over the surface and it increases
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the apparent fiber width from 15 angstroms to about 150 angstroms.
This makes its visualization by shadowing very easy.

Although this technique is normally used for visualizing long
double=-stranded DNA's, variations may be useful for DNA-protein com-
plexes. A.study of the removal of histone proteins from DNA was
carried out by a modification of this technique in which the salt
concentration in the c¢ytochrome-C-DNA mixture was.varied over the range
in which histones are removed from DNA. Thick segments along barely
visible fibers suggested regions of DNA bare of histone proteins.
Surface spreading with formamide has been recently developed for
spreading single-stranded regions of DNA or RNA. These techniques
have been reviewed by Ron Davis (8).

Investigations of the structure of the nucleus and the large
chromosomal fibers required very gentle mounting techniques. To this
end, & new methodology was devised for handling organelles such as
nuclei directly on the grid. 3By these methods, it is possible to lyse
nuclei on the grid and to spread out the entire nuclear contents (Fig.
2d). It is also possible to treat the nuclei spread on the grid with
various chemical agents. These methods have been extremely useful in
the study of the chromosomal material as it occurs in the nucleus. The
same procedures can be applied to other large structures. Mitochondria

can be broken open and studied. This method would be useful in studies
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of: photosynthetic bacterial chromatophores, chromosome superstruc-
ture, or virael infection.

For large organelles which are visible in the light microscope,
a phase contrast microscope can be used to great advantage in monitoring
the mounting steps. In a typical nuclear lysis experiment, nuclei are
prepared in the normal manner and suspended in a buffered 25% glycerol
medium. Carbon or carbon-parlodion grids (200 mesh) are prepared in the
normal way. Glass needles are made from 2 mm glass tubing. Several
grids are placed on a sheet of dental wax and a glass needle is used to
hold the grid while 5A to 20A of distilled water is placed on the grid
with a micropipette. A glass needle is dipped into the suspension of
nuclei and drawn through the drop on the grid. The number of nuclei
placed on the grid in this way and time required for lysis is determined
with the phase contrast light microscope. Following lysis, a drop of
95% ethanol is dropped onto the grid or the grid is immersed in a dish
of 95% ethanol. The grids are shadowed or stained.

This method is extremely useful when combined with chemical
treatments. For selective disruption of the nuclear contents, the dis-
tilled water may be replaced by 0.2 N H,SO), 0.1% SDS to 1% SDS in dis-

tilled water or solutions of Na DOC.



23

V. Visualization Techniques

Present day high resolution microscopy requires that the elec-~
tron scattering power of the sample against the background of the sup-
porting film be multiplied through the use of heavy metals. This is
done either by heavy metal staining from solution or by heavy metal
shadowing.

To stain a sample, as in light microscopy, an opaque "dye" is
bound to the sample. There are few stalns available to electron micros-
copists and they are much less specific than those used in light micros-
copy. In addition, they lack the distinguishing dimension of color.

Heavy metal shadowing provides a method for visualizing the sur-
face of the film bearing the sample. A metal such as uranium is evapor-
ated in a vacuum and at a low angle directed as a beam onto the sample.
Because of the low angle of incidence and the elevation of the sample
above the flat, smooth, supporting film, the sample collects more metal
than an equivalent area of the film. Figure 1 shows a typical apparatus.
The sample is usually separated from the source by at least 8 em, and
aengles of between 1:5 and 1:10: (vertical:horizontal) are used. The
© sample may be held fixed or rotated in the plane of the grid during
evaporation. Generally, rotary or multiple angle shadowing is used to
provide the most easily interpreted micrographs.

Metal shadowing is not a simple technique, and the resolution
achieved by thié method depends on many variables. It is highly de-
pendent on the angle of shadowing, on the amount of metal deposited, on

the smoothness of the supporting film, and on the particular metal used.
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In addition, high sample contrast is achieved at the expense of high
resolution. The interplay of these factors will be discussed later.
Care must be made in selecting the particular metal, supporting film,

angle and level of contrast to be used for a given sample.

Metals Platinum - Paglladium

A very commonly used metal for shadowing is an alloy of 80%
platinum, 20% palladium. The palladium is present to reduce alloying of
the platinum to the tungsten heating rod.

In the standard procedure, a 30 mil tungsten wire is formed into
a 3 cm rod with a small v in the center. About 3 cm of 1 mil platinum-
palladium wire is wrapped about the v. After a vacuum of at least
1 x ILO-5 mm of Hg is obtained, a current of 32 amps is passed through
the 3 em 30 mil tungsten wire. This will just melt the Pt-Pd wire
which then forms a bead at the bottom of the v. For best results the
bead is evaporated as slowly as possible over at least 1 to 2 minutes.
Too rapid an evaporation produces large metal grain and bresks the

tungsten wire.
Platinum

Platinum is most useful in the form of a 1 mil wire. Because
pure platinum will readily form an alloy with tungsten, when used in
the v method the high concentration of platinum in the v will form
enough platinum-tungsten alloy to cause the wire to break from heating.

To avoid this, a 3 cm piece of 1 mil platinum wire is wrapped tightly
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around a 1 cm segment of a straight 3 cm, 30 mil tungsten wire. The
wire is heated to the minimum temperature for melting the platinum
(about 32 amp) and the current is then slowly increased over a 5 minute
period to 36 amp. This procedure produces the finest detailing possible
with platinum and has the advantage of being highly reproducible. Pure
platinum provides the greatest contrast of any of the easily‘used
metals. For this reason, when high contrast, reproducibility, and.
reasonably fine grain are desired this procedure should be used. It is
the author's belief that this is definitely superior to the platinum-

palladium v method.
Uranium

In this laboratory we have had little success with uranium. It
- should, in theory, provide very high contrast. However, because it is
obtained in the form of uranium oxide, which is &a soft flaky material,
it must be evaporated in tungsten wire baskets. Evaporation in this

manner is very difficult to control.

Tungsten Shadowing

Tungsten shadowing has been used by a number of workers. It
unquestionably gives the finest detail of any heavy metal, but provides
poorer contrast and is more difficult to control during evaporation than
platinum.

In the procedure used by the author, & 3 em (electrode separa-

tion) length of 20 mil pure tungsten wire from Ladd, is heated to a
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predetermined temperature which produces the following three phases:
(a) a 2-3 minute heating phase during which little or no evaporation
occurs, followed by (b) a 5-10 minute period of slow evaporation and
finally (c) rapid evaporation and breakage of the wire. In our appa-
ratus this condition is obtained by passing exactly 32 amperes through

the wire. Once the amperage is set it should not be changed. As soon

as phase "b" begins, the amperage will begin a slow drop. This may be
used to calibrate the relative amount of metal evaporated. In our
evaporator, a drop from 32 amp to 31.5 amp corresponds to a light shad-
ow, from 32 to 30-31 amp a medium to heavy shadow and at 29 amps the
wire breaks.

The fine detail provided by tungsten shadowing is probably due
to a number of effects. Because of its very high melting temperature,
it is less likely that beads of metal leave the wire as is supposed to
occur with platinum. The metal is highly reactive, so that tungsten to
sample bonding may occur. Finally because of the high melting tempera-
ture, there is little chance of the electron beam itself melting and
puddling the metal on the film.

Tungsten evaporation with a 20 mil wire may undesirably overheat
the sample. In this case, smaller wires and shadowing aperatures should
be used.

Due to the roughness of standard parlodion, resolutions better
than 50 2 cannot be obtained on this film. Smooth parlodion or carbon

should always be used for high resolution shadowing. A shadowing angle
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of 1:8 is a good compromise. At smaller angles the contrast may be

better but the metal will also pile up on itself on the background.
Stains

At the present time staining is limited by the few stains avail-
able. Only one negative stain, phosﬁhotungstic acid, is used. Except
for the base specific stains of Dr. Michael Beer (9) none of the posi-
tive stains are very specific. Uranyl acetate, tantallum chloride,
phosphotungstic acid and osmium tetraoxide are all currently used, but
most work is done with uranyl acetate. This is an area where techno-
logical advance is needed.

Care must be taken staining structures which are disrupted by
high ionic conditions. Many DNA-protein complexes are disrupted by
normal staining procedures.

A 1% to 2% agueous solution of phosphotungstic acid is used for
negative staining. Over a period of a minute the amount of stain de-
posited on the grid by a drop placed on it is roughly proportional to
the time the drop is left on the grid. The stain is then removed with
the edge of a piece of filter paper. Excess stain is removed with a
quick streeking wash.

Uranyl acetate as a positive stain is normally used as a 1%
aqueous solution. The nonaqueous method of Wetmur (10), with a satu-
rated solution in acidic 95% ethanol, is very useful for nucleic acid

complexes.
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Any of the mounting procedures except freeze drying mey be used
prior to staining. The staining solution should always be removed from

the grid in the same manner as the sample drop.
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VI. Achieving the Highest Resolution

Achieving the highest resolution means producing the greatest
information transfer from the sample to an electron image, usually a
photographic print. This is not a simple matter. The contrast of the
sample over the background must be enhanced to a level at which the
finest resolvable detail will be recorded on the film. Yet contrast is
always gained at the expense of resolution. )

There are several levels of imaging at which the contrast,

resolution and information transfer can be discussed.

Imaging Levels

1) level of the sample

2) level of the magnified electron beam

3) 1level of the developed film

4) level of the developed photographic print

5) 1level of the fluorescent screen or T.V. camera-screen

The potential resolution differs from level to level. Obtaining
the best resolution at one level does not mean simply maximizing the
potential resolution at each preceding level. The best resolution on a
photographic print is achieved by maximizing the information transferred
to the developed negative. This, however, requires balancing maximum
contrast at the sample level produced by large amounts of heavy metal
and low accelerating voltages plus small apertures at the beam level
against high resolution and detailing at the sample level (small amounts

of metal) and high voltages and large apertures at the beam level.
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The T.V. or fluorescent screens both require a much greater
level of beam contrast to produce an image than 