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ABSTRACT 

The crotoxin complex protein is the major neurotoxic 

component in the venom of the Brazilian rattlesnake, Crotalus 

durissus terrificus. The purified protein can be crystallized 

in the form of thin platelets (less that 500 A thick) suitable 

for electron crystallography and image processing techniques. 

The unit cell dimensions of the crystal are a = 38.8 A, b = 

38.8 A, c = 256 A, and~=~= y = 90°. These crystals can 

grow in layers. For a three-dimensional image reconstruction 

this necessitates the determination of the crystal thickness 

in order to combine information from low dose images of 

crystals of the same thickness. In the past, the highest 

resolution image (to 3.9 A) recorded from a crotoxin complex 

crystal on the electron microscope was from a crystal embedded 

in glucose. However, since glucose cannot be removed in order 

to accurately determine the crystal thickness, a different 

embedding technique (amorphous ice embedding) was tried. 

It was determined that high resolution image 

information (to 3.9 A) can be recorded from crotoxin complex 

crystals embedded in amorphous ice. Five images of crystals 

preserved in amorphous ice, all exhibiting resolution to at 

least 9 A, were first processed by a global averaging method 

from which two-dimensional projection maps were calculated. 

These maps were not interpretable due to variations in the 

images as demonstrated by a second processing method. In the 

second processing method the images were divided into smaller 
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areas, or patches, and these patches were averaged. The 

patchwork images produced from the second process indicate 

that there is variation across the original images. The most 

likely explanation for the variation is the bending, or lack 

of flatness, of the crystals on the grid. 

The determination of mass thickness of the crystals from 

optical density differences between the crystals and the 

carbon support in images of freeze-dried crystals was 

explored. It was found that the this method could not 

determine the mass thickness of crotoxin complex crystals to 

within one layer (64 A), but could clearly distinguish between 

one and three overlapping layers of freeze-dried purple 

membrane which was used as a test specimen. 
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CHAPTER 1 

INTRODUCTION 

Chapter 1 introduces background material pertaining to 

the present study. Six sections are included and contain 

information about 1) the specimen under investigation, 2) the 

theory of image formation in the electron microscope, 3) the 

theory and process of three-dimensional image reconstruction, 

4) problems involved in high resolution electron microscopy, 

5) mass thickness calculations, and 6) the goals of this 

study. Information in this chapter will be referred to in 

subsequent chapters. 

1. THE CROTOXIN COMPLEX PROTEIN FROM VENOM OF THE 
BRAZILIAN RATTLESNAKE 

1.1 Effects of the Venom 

Venom from the Brazilian rattlesnake, Crotalus durissus 

terrificus, is strongly toxic and may produce the following 

symptoms in persons bitten by this snake: vomiting, 

impairment of vision or blindness, headache, loss of 

conciousness, paralysis of the eyelids and eyeballs, paralysis 

of peripheral muscles, lack of pain at the site of the bite, 

andjor death due to asphyxiation (Rosenfield, 1968, Russell, 

1979, Chang, 1979, Klauber, 1982). Effects from the bite 

differ from those of most other rattlesnakes (with the 



exception of Crotalus scutulatus scutulatus, the Mojave 

rattlesnake) in that the neurotoxic effects of the venom 

overwhelm other effects of the venom (Lee and Lee, 1979, 

Klauber, 1982, Hendon and Beiber, 1982). 

1.2 The Crotoxin Complex 

12 

The major neurotoxic component in Crotalus durissus 

terrificus venom is the crotoxin complex. This protein 

complex was first purified by Slotta and Fraenkel-Conrat 

(1938). It has a molecular weight of 24,500 daltons and a pi 

of 4.7 (Breithhaupt et al, 1974). The crotoxin complex acts 

both pre- and post-synaptically at neuromuscular junctions 

(Hawgood and Smith, 1977, Chang and Lee, 1977, Bonet al, 

1979, Bon and Jeng, 1979). It is composed of two subunits: 

one acidic (A), and the other basic (B). 

1.3 The Acidic Subunit 

The acidic subunit has a molecular weight of 10,000 

daltons, a pi of 3.7, and is composed of three polypeptide 

chains (Horst et al, 1974, Breithaupt et al, 1974). Aird et 

al, 1985, have completely sequenced two of the three chains, 

and recently the sequence of the third chain has been 

completely identified (Kaiser, I., personal communication). 

These investigators find that sequence comparisons suggest 

that the polypeptide chains of the acidic subunit are most 

similar to non-toxic, homodimeric, crotalid phospholipase A2 's 
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(PLA2 ), although the acidic subunit does not exhibit enzymatic 

activity. In addition, they find that the third, or c, chain 

of the acidic subunit shows similarity to mammalian 

neurophysins, molecules which are noncovalently bound to 

neurohypophyseal hormones, vassopressin and oxytoxin (Breslow, 

1970), and may act as carriers of these hormones. Mimicry of 

this type of carrier function by the acidic subunit would tend 

to support the hypothesis of Jeng et al, 1978, that the acidic 

subunit acts as a carrier or "chaperone" for the basic subunit 

and escorts the basic subunit to specific, but still unknown, 

sites on the membrane. Jeng's study, which involves 

erythrocyte membranes, shows that the acidic subunit does not 

bind to the membrane and dissociates from the basic subunit 

which does bind to the membrane. 

1.4 The Basic Subunit 

The basic subunit has a molecular weight of 14,500 

daltons and a pi of 8.6 (Horst et al, 1972, Breithaupt, 1974). 

The amino acid sequence of this subunit is known 

(Fraenkel-Conrat et al, 1980, Aird et al, 1986). The results 

of these two efforts differ slightly, but understandably, 

because different isoforms of Crotalus durisuss terrificus 

venom are reported, even in venom taken from the same 

individual snake (Breithaupt, et al, 1975, Faure and Bon, 

1987, Faure and Bon, 1988). Both sequencing results show that 

the basic subunit is rich in lysine and arginine. A major 

difference between the two sequences is the lack of Tyr-61 in 
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the Aird et al, sequence. Tyr-61 is replaced, in this 

sequencing result, by Trp-61 so that the sequence becomes 

Lys-60, Trp-61 which aligns with sequences of all other known 

PLA2 's from crotalid and viperid venoms. It seems that, in 

the Aird et al report, the sequence of the basic subunit is 

most similar to the non-toxic PLA2 's from the venoms of 

Crotalus adamanteus (the Eastern diamondback rattlesnake), 

Crotalus atrox (the Western diamondback rattlesnake), and 

Timeresurus okinavensis (an Asian pit viper without rattles). 

The basic subunit exhibits PLA2 behavior (Rubsamen et 

al, 1971) and cuts phospholipids at the ester bonds of their 

second acyl chains. It is thought that this PLA2 acts as does 

the conventional enzyme, with water taking the place of serine 

in the charge-relay system generated by these enzymes (Dennis, 

1983). Several phospholipase A2 structures have been solved 

by x-ray crystallography. These include bovine pancreatic 

PLA2 (Dijkstra et al, 1978, Dijkstra et al, 1981), bovine 

pro-pancreatic PLA2 (Dijkstra et al, 1982), porcine pancreatic 

PLA2 (Dijkstra et al, 1983), and PLA2 from Crotalus atrox 

(Keith et al, 1981, Brunie, 1987)). There is controversy as 

to the secondary structure content of the PLA2 -active, basic 

subunit of the crotoxin complex. Through the use of CD and 

Raman spectroscopy, Hanley (1979) finds 15% a-helical content 

for the basic subunit of C. d. terrificus, while Tu et al, 

(1982) find 67% a-helical content for the basic subunit of C. 

s. scutulatus. Recently, Aird et al (1988j compared 

spectroscopic analyses of pre-synaptic neurotoxins from 

different Crotalus species. They find that the basic subunits 
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from these different neurotoxins contain 16-22% a-helix and 

35-51% a-sheet structure. These results differ from those of 

non-toxic PLA2 's which contain 50% a-helix and 10% a-sheet 

(Dijkstra et al,1981). It is still not clear whether or not 

PLA2 activity is necessary and sufficient for toxicity, but it 

seems that the enzymatic activity may be necessary for 

toxicity (Rubsamen et al, 1971, Habermann et al, 1972, Chang 

eta!, 1977, Chang, 1979). 

1.5 Toxicity of the Complex, of the Acidic Subunit, and 

of the Basic Subunit 

The crotoxin complex is highly toxic (LD50 in mice 

0.108 mg/Kg, i.v., 0.5 mg/Kg, s.c., Rubsamen eta!, 1971, 0.25 

mg/Kg, i.p., Glenn and Straight 1977), the acidic subunit by 

itself is not toxic, and the basic subunit by itself is mildly 

toxic (Horst eta!, 1972, Brazil eta!, 1973, Jeng, 1978). 

Explanations of the actions of the highly toxic (pre- and 

post-synaptic) crotoxin complex; of the actions of the 

non-toxic, chaperoning, acidic subunit which enhances the 

effect of the basic subunit; and of the actions of the 

enzymatically active, basic subunit may be gained from 

structural studies of these molecules. 

1.6 Thin Crystals of the Crotoxin Complex 

The crotoxin complex forms thin crystals (Slotta and 

Fraenkel-Conrat, 1938) which exhibit high resolution order in 
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electron diffraction patterns (Chiu and Jeng, 1983) and images 

(Jeng et al, 1984, Degn, 1987) recorded in the electron 

microscope. The unit cell parameters are: a = b = 38.8 A, c 

= 256 A, and a= ~ = y = 90 A with a predicted crystal space 

group of P4 2 22 (Jeng and Chiu, 1983). The crystals are 

suitable for the application of electron crystallography and 

image processing techniques. 

2. THEORY OF IMAGE FORMATION IN THE ELECTRON MICROSCOPE 

The image in an electron micrograph is produced by the 

transmitted electron beam after it has been scattered by the 

specimen and after it has been influenced by the objective 

lenses of the electron microscope and other electrical and 

mechanical properties of the microscope environment. The 

process of image formation is discussed in this section. 

2.1 The Electron Beam and Its Interaction with 

the Specimen 

In the treatment by Glaeser (1982) it is assumed that 

the inital electron beam is a plane wave of constant 

amplitude. Its encounter with the specimen is expressed as an 

integration along the beam axis of the potential function of 

the specimen. A potential function is used because the 

electron beam is influenced by both protons and electrons of 

atoms in the specimen, that is, the electrical potential of 



17 

the atom. After its encounter with the specimen the wave may 

be expressed as: 

w(x,y) = e (i2R/A) v(x,y) [ 1 J 

where A is the wavelength, E is the accelerating potential, 

and v(x,y) is equal to Jv'(x,y,z)dz, the potential function of 

the specimen. If the specimen is thin enough, it can be 

considered a weak phase object. In this case the effect of 

the potential function is small, secondary scattering of the 

beam is not considered, and the wave function may be expressed 

as a first-order approximation. A function ex can be 

expressed as a series: 

ex 1 + x + x2 /2! + x3 /3! + x4 /4! + ... [ 2 J 

and a first order approximation would be: 

Cx = 1 + X [ 3 J 

Therefore, the first-order approximation of the wave function 

is: 

w(x,y) 1 + (i2n/A) v(x,y) 

2.2 Effects of the Magnetic lens on the Beam--Focus, 

Astigmatism, and Spherical Aberration 

[ 4 J 

The objective lens currents are responsible for the 

defocus value of the final image and it is here that 

astigmatism is controlled. The other influence of the 

objective lens, spherical aberration, stems from the 

imperfection of the magnetic lenses. Hall (1966) describes 

the reason for spherical aberration as a situation analogous 

to geometrical optics and states that the power of the lens is 



18 

greater for rays, the larger the distance from the optical 

axis at which they pass through the lens. Different areas of 

the beam, from the middle to the edges, reach focal points 

which are at different focal lenghths so that there is no true 

focal point. Although spherical aberration is caused by 

imperfections in the lenses, these same imperfections are also 

the cause of a type of contrast in the electron microscope 

known as phase contrast (Erickson and Klug, 1970, Than, 1971). 

All of these factors (defocus, astigmatism, spherical 

aberration) introduce a phase shift factor, y(s), on the 

scattered wave, where 

[ 5] 

where C
5 

is the spherical aberration coefficient in mm, s is 

equal to spatial frequency in A- 1 , A is the wavelength, 6Z is 

the defocus value, 8Za is the astigmatism, ~is tan- 1 (Sy/Sx ), 

and ~0 is the reference angle of axial astigmatism. 

2.3 The Beam at the Image Plane 

In the image (according to Glaeser, 1982), the intensity 

may be expressed as: 

I ( X , y ) = F { F ( S ) } X F- 1 { sin y ( S ) } [ 6] 

The contrast transfer function, sin y(s), can be evaluated by 

optical or computed transforms of I(x,y), H(s); where H(s) 

F(s)siny(s). 
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3. THREE-DIMENSIONAL IMAGE RECONSTRUCTION 

The three-dimensional reconstruction of an object may be 

obtained from electron micrographs which represent different 

projected views of the object (see section 2.1). Different 

projected views are produced by tilting the object in the 

electron microscope (Klug, 1971). Image processing techniques 

(Fourier methods) are used in the reconstruction and can 

reduce noise in the image, average over many objects, and 

detect and correct image aberrations. Correlation averaging 

enables one to discover and evaluate the presence of 

distortions and lattice defects in crystalline specimens. 

These subjects are discussed below. 

3.1 Number of Views of an Object Required for a 

3-D Reconstruction 

The number of tilt views required for a 3-D 

reconstruction depends upon the resolution desired and the 

size and symmetry of the object. Klug (1970) states that N 

nD/d, where N is the number of views required, D is the 

diameter of the object, and d is the resolution. Crowther et 

al (1970) describe ways of combining the data from different 

views and give a quantitative method for determining how many 

views are required for reconstruction depending on the 

symmetry of the particle, its approximate size, and the degree 

of resolution required. They state that DeRosier and Klug 

(1968) have applied the method of 3-D reconstruction to 
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particles with helical symmetry for which a single view may 

provide sufficient information to derive the 3-D structure, at 

least to 30 A resolution. 

Certain directions of views are not accessible because 

of the mechanical limitations of the electron microscope. 

Generally, +60° and -60° are the highest tilts possible. 

Because of this, a "missing cone" of data exists (Fig. 1), 

which results in the loss of resolution in the third dimension 

(Glaeser, 1982, Deatherage et al, 1982). The problem of the 

missing cone of data is still not totally solved, although 

some procedures designed to diminish the problem have been 

employed. Frank (1981) suggests that for objects with helical 

or point-group symmetry, the views in the inaccessible range 

can be generated from views in the accessible range by 

symmetry operations. In some cases the missing data might not 

cause much of a problem in the 3-D reconstruction. For 

instance, Henderson and Unwin (1975), in their 3-D 

reconstruction of bacteriorhodopsin, point out that although a 

considerable volume of the 7 A sphere of data in reciprocal 

space is missing (37%) the effect of its inclusion in the map 

would be very small since the X-ray diffraction pattern 

indicates that the amplitudes of the Fourier components in the 

missing regions are small. They further check the effect of 

leaving out some of the near axial reflections by calculating 

a second map which includes the profile diffraction determined 

by x-rays. This analysis made very little difference to the 

map, but slightly raised the overall level of contours on each 

side of the membrane. 



FIGURE 1 

Diagram of missing cone of data due to tilting limitations in 

the electron microscope. The diagram is to be viewed as a 

figure of revolution about the vertical axis. 
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Figure 1. Missing Cone 
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3.2 Fourier Methods 

The central section theorem states that the Fourier 

transform of an image (a single, projected view) is equivalent 

to a central section through the 3-D Fourier transform. 

(Crowther et al, 1970, Henderson and Unwin, 1975, Klug, 1979). 

A 3-D Fourier transform can be built from a set of 2-D 

transforms representing different views of the object (Klug, 

1971, Klug, 1979). The object can then be generated by an 

inverse Fourier transform of the 3-D transform. 

3.21 Historical Background 

Fourier methodology, as a processs for 3-D image 

reconstruction from electron micrographs of molecules and 

assemblies of molecules, was introduced about twenty years ago 

and has evolved into a valuable tool in structure 

determination. 

Klug and De Rosier (1966) use optical filtering to 

reconstruct a one-sided image of tobacco mosaic virus (TMV) 

from an electron micrograph. When monochromatic light from a 

laser passes through the electron micrograph, an optical 

transform of the image is produced at the diffraction plane. 

The image is re-formed when the light recombines at the image 

plane (Fig. 2a). These authors then insert a "mask" at the 

diffraction plane and permit only those diffraction 

reflections which contribute to the image of the virus (top 

side) to recombine at the image plane. This optical 



FIGURE 2 

a) Diagram of optical diffraction and re-formation of image. 

i. Laser beam source. 

ii. Collimating lens. 

iii. Electron micrograph, signal with background noise. 

iv. Lens. 

v. Diffraction plane. 

vi. Lens. 

vii. Re-formed image. 

b) Diagram of optical diffraction and re-formation of image 

with mask positioned at diffraction plane. 

i. Laser beam source. 

ii. Collimating lens • 

iii. Electron micrograph, signal with background noise. 

iv. Lens. 

v. Mask at diffraction plane allowing only signal 

to pass through. 

vi. Lens. 

vii. Re-formed image which has been optically filtered. 
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Figure 2. Optical Diffraction and Optical Masking 
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construction filters out the noise in the original micrograph 

image and enhances the the recombined image. Figure 2b 

illustrates the set up of the optical masking. In 1968 these 

same authors used a set of electron micrographs in the (3-D) 

reconstruction of the tail of bacteriophage T4 (De Rosier and 

Klug, 1968). In this case, optical filtering is simulated in 

the computer after the images are put into a numerical format 

and their Fourier transforms are calculated. 

3.22 Crystals 

Crystals, as periodic structures, are potentially good 

specimens for 3-D image reconstruction because the structure 

of a molecule may be obtained by Fourier averaging over many 

molecules in the crystal. Fourier averaging of crystals also 

allows the use of low-dose techniques which reduce radiation 

damage caused by the electron beam. (Radiation damage will be 

discussed in this chapter, Section 4.2.) As mentioned in 

Section 2.1, specimens must be thin enough to avoid multiple 

scattering of the electron beam, therefore, large, 

three-dimensional crystals which are necessary for x-ray 

crystallographic analysis cannot be used for electron 

crystallography. The 3-D Fourier transform of a 2-D (thin) 

crystal consists of an array of lattice rods which vary in 

intensity along the vertical axis and are positioned at 

integral values in the h, k (horizontal) plane (Henderson and 

Unwin, 1975), (see Fig. 3). By sampling central sections 

through the lattice rods, a 3-D transform can be derived by 



FIGURE 3 

Illustration of Fourier transforms and central section. 

a) 3-D transform of 3-D crystal (x-ray case) consists 

of discrete points of intensity along all axes 

(h,k,l). 

b) 3-D transform of 2-D crystal (EM case) consists of 

discrete points of intensity along two axes (h,k), 

but the third axis (1) consists of lattice lines of 

intensity. 

c) Central section through 3~D transform of 2-D crystal 

slices through the lattice lines. Only a few (h,O) 

and (O,k) reflections are shown for clarity. 



c. 

Figure 3. Transforms of 3-D and 2-D Crystals and 
Central Section 
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interpolation between the sampled points (Smith, 1981, Baldwin 

and Henderson, 1984). It is necessary to sample the lattice 

rods finely enough to achieve the desired resolution. Higher 

resolution requires finer sampling. 

Fourier averaging methods can extract structural 

information only if the information is repeated on the crystal 

lattice. Crystals may suffer from lattice distortions, 

lattice faults, or deviations in the positions of the 

molecules in the crystals (Frank, 1982). Initially, the image 

of a crystal can be evaluated by optical diffraction (Klug and 

De Rosier, 1966). However, it may be important to use other 

methods for discovering variations over smaller areas in the 

crystal lattice. Correlation averaging has emerged as a means 

of doing this (Frank, 1982, Frank, et al, 1988.) 

3.23 Correlation Averaging 

Local variations in a crystal may be found by using 

correlation analysis in which the cross correlation function 

is employed. The cross correlation function is a measure of 

the similarity between two functions (Frank, 1980). A cross 

correlation peak maximum will occur when the two similar 

functions are in superposition (see Fig. 4 for an example). 

If the two functions are dissimilar the peak may be very 

small, broad, or non-existent. The cross correlation function 

is defined as: 

1/N' EE i 1 (_~ 1 j) i 2 (.£j k + rpq) 

j k 

[ 7] 



FIGURE 4 

Illustration of cross correlation. Cross correlation 

operation is symbolized by the asterisk. 

a) Set of functions in 2-D. 

b) Reference function. 

c) Cross correlation peaks at positions corresponding 

to positions of functions in a). 
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Figure 4. Cross Correlation Diagram 
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where, i 1 and i 2 are digitized images 1 and 2, respectively, 

rjk are optical density measurements in image 1 and 2, rpq is 

the shift vector, N' are the points in the ovelapping region 

(Frank 1980). A small area of one image can be used as a 

reference (i 1 ) and can be moved across the whole image (i 2 ) to 

produce cross correlation peaks. 

This technique is particularly useful for functions 

which are not easily recognizable because of noise in the 

image. Low-dose images fall into this category because often 

the signal-to-noise ratio in these images is low. 

It is important to identify the variation in an image of 

a crystalline specimen so that either only those areas that 

are similar are averaged together or so that the data may be 

discarded for greater efficiency in processing images. 

One of the aspects of the present study is to explore 

the variation in the images of the low-dose, frozen-hydrated, 

crotoxin complex crystals. Details of the methodolgy are 

presented in Chapter 2. 

4. PROBLEMS INVOLVED IN HIGH RESOLUTION ELECTRON MICROSCOPY 

Although the practical resolution limit of the electron 

microscope is about 3.2 A (Glaeser, 1982), resolution in 

three-dimensional reconstructions of crystalline specimens has 

been less than this because of two major problems: specimen 

preparation and radiation damage to the specimen by the 

electron beam (Breedlove and Trammell, 1970, Sten and Bahr, 

1970, Glaeser, 1971, Glaeser, 1975). 
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4.1 Specimen Preparation 

4.11 Negative Staining 

The specimen must first be prepared so that it can 

retain its structure against dessication in the high vacuum 

(about 10- 6 torr) of the electron microscope. The use of 

negative stain is a popular preservation method and many 

three-dimensional reconstructions have been made from tilt 

series of negatively stained specimens (see Glaeser, 1985 for 

a review). For high resolution microscopy, negative staining 

procedures must be ruled out because the resolution of images 

of specimens in negative stain is limited to approximately 15 

A. 

4.12 Glucose Embedding 

A second preservation method which does yield high 

resolution results is the use of glucose as an embedding 

medium. Unwin and Henderson (1975) reconstructed 

bacteriorhodopsin, a protein found in the purple membrane of 

Halobacterium halobium, from images of this specimen which was 

embedded in glucose. Their recons~ruction exhibits a 

resolution of 7 A. In 1984, Jeng et al, reported the 

achievement of 3.5 A resolution in an image of the crotoxin 

complex crystal which was embedded in glucose. Fuller (1981) 

suggests that the glucose forms a hard shell around the 

crystal. It is thought that the hydroxyl units on the sugar 



molecules replace hydroxyls of water molecules in the 

formation of hydrogen bonds with the protein. 

4.13 Hydrated Specimens: Wet and Frozen 
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A third preservation method is to leave the water in the 

specimen. The specimen can be kept in a wet chamber 

(Matricardi et al, 1972), or the specimen can be rapidly 

frozen so that water is trapped in an amorphous configuration 

similar to the original hydration state of the sample (Taylor 

and Glaeser, 1974, Taylor, 1978, Dubochet, et al 1981, see 

Chiu, 1986 for a reveiw). The frozen~hydrated specimen may 

then be kept in this state in the electron microscope through 

the use of a cold stage. One of the advantages of amorphous 

ice preservation over that of glucose is the increase in 

contrast between the protein and the embedding medium. 

Because the density of glucose (1.48 g/cm3 ) is so similar to 

the density of protein (1.38 gjcm3 ), contrast is reduced in 

these circumstances. However, in the use of frozen-hydrated 

specimens, there is a greater difference between the density 

of the amorphous ice (0.92 gjcm3 (80 kV), Eusemann, et al, 

1982) and the protein. The other advantage of amorphous ice 

embedding is that, in the case of the crotoxin complex 

crystal, this embedding medium may be sublimed in the electron 

microscope (Fig. 5). This process, known as freeze-drying, 

will be discussed below. Although several structures have now 

been studied in their frozen-hydrated state (Brisson and 



FIGURE 5 

a) Drawing which demonstrates why it is difficult to 

obtain accurate mass thickness measurements from 

crystals embedded in glucose--amount of glucose on 

crystal and/or carbon is unknown. Shaded area 

corresponds to glucose; rectangle corresponds to 

crotoxin complex crystal. 

b) Drawing which demonstrates why freeze-dried crystals 

of the crotoxin complex may yield more accurate mass 

thickness data. 

i. Frozen-hydrated crystal. Shaded area corresponds 

to amorphous ice; rectangle corresponds to 

crotoxin complex crystal. 

ii. Same crystal as in i) after freeze-drying for 

removal of the embedding medium. 



a. 

i. ii. 

b. 

Figure 5. Problem with Mass Thickness Estimates of 
Glucose-Embedded Crystals 
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Unwin, 1985, Prasad et al, 1988a), only one high resolution (9 

A) reconstruction is reported (Jeng, et al, 1988). 

4.14 Crystal Flatness 

The crystal specimen must also lie flat against the 

supporting film because displacements due to a warped crystal 

will limit the attainable resolution (Baldwin and Henderson, 

1984, Henderson and Glaeser, 1985, Degn, 1987). In this case, 

the crystal might already be buckled, bent, or tilted before 

encountering the beam. Small tilts of the crystal are 

difficult to calculate because the tilt angle is ususally 

determined from foreshortening of the reciprocal axes (and the 

included angle) (Shaw and Hills, 1984) and this phenomenon is 

difficult to observe in crystals tilted less that 15°. It is 

possible that better preparative techniques could overcome the 

problem of buckling ot bending of the crystals. Possible 

preparation methods have not yet been fully explored. 

4.2 Radiation Damage 

Another problem which hinders the production of high 

resolution data in the electron microscope is that of 

radiation damage. Although electron diffraction patterns 

often indicate structural integrity to high resolution (2.6 A 

in purple membrane, Henderson and Glaeser, 1985 and 2.2 A in 

the crotoxin complex, Chiu and Jeng, 1983), images do not 

usually exhibit this high a resolution. 
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4.21 causes of Radiation Damage 

The damage from the electron beam occurs because energy 

from inelastic collisions (approximately 32 eV per collision 

for 100 kV accelerating voltage) can cause excitation and/or 

ionization of the electrons of the specimen (Sten and Bahr, 

1970). Ionization (loss of an orbital electron) produces free 

radicals which can instigate bond scissions followed by 

"new-bond" formation. This results in changes in the native 

structure of the specimen. Some bonds are more susceptible to 

breakage than others. For example, molecules containing 

n-orbitals are more resistant to damage (Glaeser, 1971) and 

the alpha-carbon bonds in amino acids are susceptible to 

scission. There are methods for reducing radiation damage 

other than imaging only radiation insensitive specimens. 

4.22 Decreasing Radiation Damage: Low-Dose and Low 

Temperature Techniques 

Low-dose techniques help alleviate radiation damage 

(Unwin and Henderson, 1975, Jeng and Chiu, 1983). Several 

authors have monitored radiation damage by the decrease in 

intensity of reflections in electron diffraction patterns at 

increasing electron exposures (Glaeser, 1975, Chiu, et al, 

1981; Chiu and Jeng, 1982). Hayward and Glaeser (1979) 

conclude that the optimum dose for imaging an ordered array of 

radiation sensitive molecules, in the absence of noise other 

than shot noise of the electrons has been shown to be about 



2.5 N
0 

where N
0 

is the dose required for the fastest fading 

diffration spot to fade to 1/e of its initial intensity. 
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Low temperature techniques also decrease radiation 

damage to specimens by a factor of about 3 to 5 (Dietrich et 

al, 1980, Hayward and Glaeser, 1980b, Jeng and Chiu, 1983, 

Taylor and Glaeser, 1976). The low temperature (less than 

-120° C) may trap damaged fragments of the specimen. Low 

temperatures might also decrease beam induced motion. Beam 

induced motion may cause the crystal to buckle or to bend 

during imaging and this may cause streaking or smearing of 

high resolution reflections (Hirsh et al, 1977). Henderson 

and Glaeser (1985) estimate that beam induced movement of the 

specimens reduces the con~rast in low-dose images by a factor 

of 5. Dorset and Zemlin (1987), in a study involving 

paraffin, suggest that the beam induced movement may be due to 

the flattening of the crystal onto the microscope grid caused 

by slippage of the hydrocarbon chains along their long axes. 

It is possible that beam induced motion could be decreased 

through the use of a small, beam spot which is rastered across 

the specimen. With this methodology, Downing and Glaeser 

(1986) report a three- to five-fold increase in contrast in 

images of paraffin and purple membrane and Bullough and 

Henderson (1987) find a two-fold increase in contrast in 

images of paraffin. Talman and Thomas (1977) calculate that 

heating of frozen specimens by the electron beam (which would 

increase beam induced movement) is smaller for smaller probe 

diameters in the SEM. 



4.23 Consequences of Low-Dose Techniques and 

Multi-Layer Crystals 
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Because of the necessity of using low-dose imaging 

techniques to reduce radiation damage, not enough views can be 

recorded from a single crystal to construct a high resolution 

3-D transform. Therefore, data obtained from different 

crystals must be merged. This presents little problem in the 

case of single-layer crystals such as purple membrane, but 

introduces a real problem in the case of multi-layer crystals. 

Several crystals are reported to grow in multilayers-- GP32*I 

(Cohen, 1984, Grant, 1988), catalase (Unwin, 1975), and the 

crotoxin complex (Jeng and Chiu, 1983). A method for 

determining the thickness of these crystals is needed so that 

crystals can be sorted according to thickness for later data 

merging. 

The present study explores a method to achieve thickness 

sorting of multi-layer crystals. Frozen-hydrated crystals of 

crotoxin are used not only to preserve the specimen to high 

resolution and reduce radiation damage, but also because the 

·embedding medium (amorphous ice) can be removed by 

freeze-drying and mass thickness calculations can be made. 

5. BACKGROUND OF MASS THICKNESS CALCULATIONS 

Several methods have been employed in the determination 

of specimen thickness in electron microscopy. Agar, (1957), 

Cosslett and Cosslett (1957), and Graff (1961) were some of 
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the first investigators to use densitometry in the calculation 

of thicknesses of carbon films based upon a relationship 

between the intensity of a beam of light passing through glass 

and the same beam passing through the carbon film. According 

to Hall ( 1966): 

[ 8 1 

where, I
8 

is the intensity of the beam after it has passed 

through the specimen, I
0 

is the original beam, p is the 

density of the specimen, S is the scattering factor (a 

function of microscope parameters), and tis the thickness of 

the specimen. Over a range of optical densities (0.4 to 1.0), 

the optical density is linearly related to the intensity 

(Zeitler and Bahr, 1962). Later, Moretz et al (1968) and De 

Boer and Brakenhoff (1974) extended this approach to the 

determination of carbon film thicknesses. Zeitler and Bahr 

(1962) and Lamvik (1976) used optical densities from electron 

micrographs to calculate the size of objects in electron 

micrographs. Dorset and Parsons (1975) and Berriman and 

Leonard (1986) made use of Laue zones for thickness 

determinations of relatively thick catalase crystals. 

Berriman et al (1984) employed gold particles in an image tilt 

series and developed a trigonometric method for thickness 

measurements. 

In 1984, Jeng and Chiu presented an experimental 

strategy for sorting image data from crotoxin complex crystals 

according to different thickness. The strategy consisted of 

the construction of several tilt series of intensity (electron 

diffraction pattern) data. Diffraction patterns from 
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subsequent crotoxin complex crystals could then be compared to 

the different intensity (3-D) data sets to determine the 

thickness of that particular crystal. The major problem with 

this strategy is that it is a very time consuming enterprise 

to construct the 3-D intensity data sets. Direct calculations 

of the thickness of cry8tals embedded in glucose are not 

reliable because it is not possible to determine how much 

embedding medium covers the crystal (Fig 5). Removal of this 

medium is not possible without destroying the structure of the 

specimen. This problem is avoided by the use of amorphous ice 

as an embedding medium which may be removed by freeze-drying 

(see Section 4.23, Consequences of Low-Dose Techniques and 

Multi-Layer Crystals). 

6. GOALS OF THE PRESENT STUDY 

There are three goals in the present study. The first 

is to explore the feasibility of recording high resolution 

images from frozen-hydrated crotoxin complex crystals. The 

second is to determine if mass thickness calculations can be 

made from images of freeze-dried crystals. The third is to 

apply correlation averaging over small areas (patches) of the 

images of frozen-hydrated crotoxin complex crystals to 

determine the extent of variation across images of the 

crystals. 

This study fits into the overall scheme for determining 

the three-dimensional structure of the crotoxin complex: 



1. Purify crotoxin complex protein. 

2. Grow crotoxin complex crystals 

2. Record electron diffraction pattern 

of frozen-hydrated crotoxin complex 

crystal for amplitude data. 

3. Record high resolution image of 

frozen-hydrated crotoxin complex crystal 

for phase data . 

4. Record second and third images for 

focus determination. 

5. Determine thickness. 

a. Freeze-dry crystal. 

b. Record low magnification image for 

optical density measurements. 

6. Determine the variation of the crystal 

lattice by correlation analysis. 

7. Sort crystals according to mass 

thickness. 

8. Combine amplitude and phase 

data from crystals of the 

same thickness to construct 3-D 

transform. 
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CHAPTER 2 

MATERIALS AND METHODS 

This chapter is presented in chronological order which 

begins with preparing the specimen, continues through data 

collection the electron microscope, and ends with data 

processing. 

1. ISOLATING THE CROTOXIN COMPLEX PROTEIN 
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The crotoxin complex protein was isolated from crude 

lyopholyzed venom of the Brazilian rattlesnake, Crotalus 

durissus terrificus, by chromatography (Jeng, 1978). The 

crude venom was dissolved in 0.1 M ammonium formate, pH 3.5. 

The insoluble portion of the venom was precipitated by 

centrifugation at 12,100 xg for 10 minutes at 4° c. The 

solubilized portion of the venom was placed on a G-75 Sephadex 

column (1.8cm x 110 em) at 4° C. After the dissolved protein 

had entered the column, two 10 ml aliquots of the above 

mentioned buffer were used to wash the glass at the top of the 

column. Fractions were collected at a flow rate of 

approximately 0.2 ml/minute. Absorbance of the fractions was 

measured at 280 nm on a Beckman DU spectrophotometer and 

contents of tubes corresponding to the second peak (the 

crotoxin complex) were pooled and dialyzed against several 

changes of deionized distilled water. The dialysate was 

removed and centrifuged at 12,100 xg for 10 minutes at 4° C. 
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The precipitate was dissolved in a 0.05 M sodium phosphate 

buffer, ph 7.2 and applied to a DEAE cellulose anion exchange 

column at room temperature. The protein was eluted with a 

sodium chloride gradient (0.0 to 0.5 M NaCl) in the 0.05 M 

sodium phosphate buffer. Fractions were collected and 

measured as before at 280 nm. The contents of tubes from the 

second peak were pooled and dialyzed against several changes 

of Millipure water. Millipure water was used because crotoxin 

complex crystals were extremely sensitive to salts and fell 

apart if the water was not very highly deionized. 

2. CRYSTALLIZING THE CROTOXIN COMPLEX PROTEIN 

Crystallization was performed as previously (Jeng and 

Chiu, 1983), with some modifications. The precipitate from 

the dialysis was washed three times with Millipure water and a 

slurry at a concentration of about 80 mgjml was formed after 

the final wash. 270 pl of the slurry were warmed in a 10 x 75 

mm glass tube that had been set in a heating block at 55° C. 

Thirty pl of pre-warmed 10% acetic acid was added and the 

slurry was allowed to dissolve for several minutes. 

Undissolved protein was quickly precipitated by centrifugation 

(about 1 minute at 1500 xg). The supernatant was quickly 

returned to a pre-warmed glass tube in the 55° C heating 

block. 158 pl of 1% glass-distilled pyridine was added and 

the solution was allowed to stand until it cleared. If the 

solution did not clear, it was centrifuged again and the 

supernatant was transferred to another pre-warmed glass tube. 
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The solution was allowed to cool slowly while it was gently 

mixed. At the appropriate time (when the solution reached 50° 

C) an aliquot of approximately 20 ~1 of sonicated crotoxin 

complex crystals ("crystal seeds") was added. Crystallization 

was stopped at various times by transferring the supernatant 

("mother liquor") to a separate tube which was pre-warmed to 

the same temperature, and by adding Millipure water to the 

crystals that remained. Protein in the "mother liquor" was 

left to continue crystallizing, and crystals that had already 

formed in the first tube were "harvested" for thin crystals as 

the mixture of crystal sizes settled down through the water in 

the glass tube. The harvest of thin crystals sometimes 

required the settling of crystals through three or four glass 

tubes full 6f Millipure water. The harvested crystals were 

stored in the dark at room temperature because they were 

sensitive to cold temperatures. 

3. PREPARING PURPLE MEMBRANE 

Purple membrane which was to be used as test specimen in 

the mass thickness determinations was prepared according to 

Oesterhelt and Stoekenius (1974) and generously provided by A. 

K. Bhattacharyya. A suspension of purple membrane was 

prepared for electron microscopy by dialysis against several 

changes of Millipure water over a 24 hour period. The dialyzed 

suspension was washed six times with Millipure water by 

collecting the precipitate each time from centrifugation in an 

Eppendorf centrifuge. 
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4. PREPARING FROZEN-HYDRATED SPECIMENS 

4.1 Making Holey Carbon Grids 

Frozen-hydrated samples were prepared on copper mesh 

grids which were covered with either a carbon film or a carbon 

film on top of holey carbon which had been reinforced with 

evaporated gold. Holey grids were prepared as described by 

Fukami and Adachi (1965), but some alterations were made. 

Acid-washed glass slides were soaked in 0.03% (w/v) Amiet for 

twenty-four hours. In a room that had been humidified for 

about four hours, the glass slides were cooled to below the 

dew point on a metal plate that lay on dry ice. The slides 

were briefly held in mist from a humidifier and water droplets 

coalesced on their surface. The cooled slides were dipped 

into a 4° C solution of 0.5% triafol that had been dissolved 

in water-saturated ethyl acetate. The slides were dried in a 

cool (4° C) atmosphere for approximately 10 to 15 minutes and 

then were evaluated for hole size and consistency through the 

use of phase contrast microscopy. Selected areas were excised 

with a razor blade and floated onto a water surface. Copper 

grids (200 or 400 mesh) were placed on the film and were then 

picked up, with the film, onto the side of a glass 

scintillation vial. Grids were removed from the vial and 

coated with a heavy layer of evaporated carbon. Grids were 

placed on a filter paper which was set in a crystallizing 

dish. One end of the filter paper was submerged in ethylene 

dichloride and the other end rested on the edge of the 



43 

crystallizing dish. As the ethylene dichloride (drawn by 

evaporation at the top edge) traveled up the filter paper, the 

triafol backing on the grids was dissolved by the organic 

solvent (Fig 6). The ethylene dichloride had to be 

replenished as it evaporated. The evaporation processs 

proceeded for about one day and when it was completed holey 

carbon grids were left on the filter paper. The holey carbon 

grids were then covered with a layer of evaporated gold (0.2 

mm gold wire wrapped three times around a 0.5 mm tungsten "V" 

filament) to strengthen the meshwork. A final layer of carbon 

was placed over the holes when the grids were lifted through a 

carbon layer which had been floated off mica onto a water 

surface. Plain copper mesh grids were covered in this same 

way with a single layer of carbon. 

4.2 Embedding the Samples in Amorphous Ice 

A drop (6 pl) of the specimen suspension (either 

crotoxin complex crystals or purple membrane) was placed on 

either a holey carbon grid or a plain carbon grid which was 

held tightly at the end of a pair of tweezers. The grid was 

blotted with filter paper and rapidly plunged, by means of a 

guillotine device, into liquid ethane which was cooled in a 

bath of liquid nitrogen. The grid was transferred by the use 

of tweezers to a special plastic holder that had slots for 

holding four grids. The plastic holder was subsequently 

stored under liquid nitrogen. 



FIGURE 6 

Set-up in fume hood for evaporating plastic backing 

which covers copper mesh grids in the production of holey 

carbon grids. 

i. Crystallization glass. 

ii. Filter paper. 

iii. Carbon coated holey grids (carbon on top of 

triafol backing). 

iv. Reservoir of ethylene dichloride. 

v. Test tube to hold crystallization glass at 

an angle. 
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Figure 6. Evaporation Set-Up for Making Holey Grids 
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5. CRYO-ELECTRON MICROSCOPY 

5.1 Preparing the Cold Stage · 

Cryo-electron microscopy was performed on a JEOL 100CX 

electron microscope equipped with a top entry cold stage after 

a design by Hayward and Glaeser (1980a) and a silicon surface 

barrier detector which was located beneath the camera. A 

further modification of the microscope was an 

anti-contaminator ring situated around the cold stage, and has 

been described by Jeng and Chiu, 1987. Cooling of the cold 

stage required approximately two hours and the final 

temperature of the stage was -146° C to -148° c. The 

temperature of the anti-contaminators were -152° to -155° C as 

measured by a thermocouple device (Jeng and Chiu, 1987). 

5.2 Transferring Grids to the Electron 

Microscope 

Grids were transported to the location of the microscope 

by means of a dewar flask which contained liquid nitrogen. 

Specimen holders designed for top entry into the electron 

microscope were cooled in liquid nitrogen which was contained 

in a styrofoam box. Transfer of the grid under liquid 

nitrogen, from the four-slotted plastic holder to the specimen 

holder was accomplished by the use of tweezers. The specimen 

holder was placed into a metal frost protector that kept the 

grid from being contaminated by ice condensation. The whole 



assembly was transferred to the airlock door (after a design 

by Taylor and Glaeser, 1973) of the microscope, and the 

specimen holder was placed into the cold stage_ 

5.3 Recording Electron Micrographs 
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Micrographs were recorded from suitable crystals 

according to the plan outlined in Chapter 1, Section 6, Goals 

of the Present Study. The search for suitable crystals was 

made with the microscope in diffraction mode with a C2 

condenser lens set for a dose rate of 0.01 e-;A2 and a 

condenser aperature of 20 p. When a suitable crystal was 

found, the beam was quickly condensed to cross-over and if a 

good diffraction pattern was observed, an electron diffraction 

pattern was recorded at a final dose of 0.1 e-;A2 • The 

electron beam was deflected by means of deflector coils and 

the specimen was moved to an area away from the crystal. 

Changes were made in the microscope settings for focussing. 

If gold "islands" were present, they were used as an initial 

focussing aid. Grains of the carbon support film provided a 

means of astigmatism correction which was done at 400K 

magnification. If the layer of vitreous ice was thick, the 

area was "burned" until the carbon grains became visible. 

Final focussing adjustments were made)at SOK magnification. 

The microscope settings were changed back to those for 

diffraction mode, and the crystal was relocatd. The beam was 

immediately deflected and the settings for image mode were 

made. The low-dose image was recorded with a 2 second 
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exposure at a dose of between 2 e-;h2 and 10 e-;A2 • The beam 

was again deflected immediately when the exposure time was 

over. The C2 was set for crossover at 50K magnification, and 

after the beam was restored, a hole was "burned" in the 

crystal. During this time, the location of the crystal was 

noted by observing the x,y specimen coordinates that were 

displayed on the control panel of the microscope. The first 

high-dose image, to be used in the contrast transfer function 

calculation was recorded. The defocus setting was adjusted to 

1200 A underfocus from the first high-dose image and a second 

high-dose image was recorded. Several series of these 

micrographs were recorded from as many crystals as possible on 

one grid. 

6. FREEZE-DRYING THE SPECIMENS 

Data collection for mass thickness determinations were 

made from freeze-dried specimens (see Chapter 1, Section 5, 

Background of Mass Thickness Calculations and Chapter 1, 

Section 6, Goals of the Present Study). Grids containing 

crotoxin complex crystals or purple membrane were allowed to 

freeze-dry overnight in the microscope (vacuum= 10- 7 torr). 

The same procedure, described above in this Chapter, Section 

5.3, was used for selecting areas of the grid to image. If 

crotoxin complex crystals were imaged the day before, they 

were re-located with the aid of the previously noted x, y 

coordinates. A low magnification image was recorded at either 

20K or 6K magnification. All micrographs were developed for 



12 minutes in straight D-19 which was mixed with nitrogen 

bursts. They were fixed for 10 minutes and rinsed in 

deionized, distilled water for 25 minutes. 

7. PROCESSING ELECTRON DIFFRACTION PATTERNS 

7.1 Digitizing Electron Diffraction Patterns 

As stated in the Introduction (Section 6, Goals of the 

Present Study), amplitudes are extracted from electron 

diffraction patterns. The calculated amplitudes are stored 

and are later used in conjunction with refined phases which 

are calculated from images. 
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Electron diffraction patterns were digitized into an 

1800 x 1800 pixel (picture element) array on a 1010M 

Perkin-Elmer Micro-10 microdensitometer with an aperature size 

of 16p x 16p. Mean reflection diameters were 225 p. The 

aperature size was small enough to delineate the edge of a 

reflection, since reflection edges might not be defined by an 

aperature which is large enough to include a lot of background 

area. On the other hand, the reflection was not sampled so 

finely that subsequent computing became unmanageable. 

7.2 Determining Lattice Parameters and Amplitude 

Calculations 

After digitization, electron diffraction patterns were 

processed on a VAX 11/750 computer and the intensities of each 



49 

reflection in the diffraction pattern were calculated. 

Digitized electron diffraction patterns which were visually 

indexed on an AED graphics display system to determine initial 

lattice parameters. (Lattice parameters define the row and 

column of (1,0) and (0,1) reflections and the position the 

center of the diffraction pattern.) From these initial lattice 

parameters, reflection positions were predicted. At each 

predicted position, reflection intensities were calculated and 

background was subtracted according to Baldwin and Henderson 

(1984), with some modifications. At each predicted position a 

15 x 15 pixel box was created and this box constituted a 

reflection. A reflection was considered a true reflection if 

12% of the optical density values were greater than 1.5 times 

the standard deviation of a one pixel perimeter (15 x 15 

pixel) at each reflection position. A new, or found, position 

for each reflection was determined by using the position of 

the center of gravity of the optical densities in this 15 x 15 

pixel box. Lattice parameters were refined by least square 

procedures by minimizing the difference between the predicted 

and the found reflection positions. The refinement process 

was considered converged when the lattice parameters did not 

vary by more than 0.01 pixels in the row and column of the 

(1,0) and (0,1) reflections and 0.05 pixel for the position of 

the center, respectively. Only those reflections which met 

the above mentioned criterion were used in the refinement 

process. However, after the final cycle of refinement 

intensities of all reflections were determined. 
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8. SELECTING IMAGE AREAS FOR PROCESSING 

Areas of the micrograph were selected for digitization 

by the quality of their optical diffraction patterns. 

Micrographs were placed in the path of a helium-neon laser 

beam (4 mwatt) and examined for areas which produced a good 

optical diffraction pattern. The best areas were considered 

those which yielded high resolution reflections isotropically 

surrounding the center spot. A preliminary check of the 

defocus of the micrograph was made from the low-dose image if 

the contrast transfer function was observable, or from the two 

high-dose images. 

9. PROCESSING THE IMAGES: 

I. GLOBAL AVERAGING 

A scheme of the procedure for global averaging is 

presented below and is illustrated in Fig. 7. 

1. Digitize image area. 

2. Calculate Fourier transform. 

3. Index the transform. 

4. Calculate lattice parameters. 

5. Create a mask which only allows information 



FIGURE 7 

Drawing which demonstrates unbending or undistorting of 

crystal lattice in global averaging process. 

a) Drawing of crystal with "perfect" lattice. Background in 

a) and b) represents noise in the image. 

b) Drawing of crystal with distorted lattice. 

c) Reference area from center of pseudo-optically filtered 

image calculated from b). 

d) Diagram of cross correlation peaks map generated from 

cross correlation of the reference c) with 

the image b). Dots represent perfect lattice 

positions; open circles represent found 

positions of cross correlation peaks. 

e) Same diagram as d). 

f) Same diagram as b). 

g) Vector displacements between predicted and found 

cross correlation peak positions from e). 

h) Undistorted crystal formed from vector displacements 

in g) applied to crystal in f). 

i) Globally averaged image from h). 
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at reflection positions to be inverse Fourier 

transformed, pseudo-optically filtering the 

image. 

6. Inverse Fourier transform the masked transform. 

7. Select center area of the filtered image as a 

reference area. 

8. Fourier transform the reference area. 

9. Produce a real-space profile of an "average" 

peak by multiplying the reference area 

transform withitself and inverse transformng 

this. 

10. Cross correlate reference and image by 

multiplying the reference area transform with 

the transform of the original image. 

11. Inverse transform the cross correlation output. 

12. Search for cross correlation peaks matching the 

profile of each peak with the average profile 

calculated in step 9. This produces 

a cross correlation map. 

13. Apply unbending procedure to cross correlation 

map. 

14. Fourier transform the unbent image and extract 

amplitudes and phases. 



9.1 Digitizing the Image and Determining Lattice 

Parameters 
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The selected image area was converted into numerical 

format by measuring the the optical densities over that area. 

Processing was done in the computer on the numerically 

formatted image. 

The images were digitized by raster-scanning across them 

on a 1010M Perkin-Elmer Micro-10 microdensitometer with an 

aperature of 10 p 2 corresponding to 2.1 A in the specimen. 

According to the Shannon's sampling theorem, if the highest 

frequency contained in a function is W, then the function is 

completely determined by sampling it at 1/2 W (Bell, 1952). 

Or, put another way by Crowther et al (1970), the transform is 

completely specified by the values it takes on a regular 

sampling lattice of 1/2a, where 2a is the object diameter. In 

this case, the 2.1 A sampling aperature could yield a 

resolution to 4 A. The digitization produced a 2048 x 2048 

pixel array which was recorded on magnetic tape and entered 

into a Vax 750 computer. The image was Fourier transformed 

and indexed by eye on a printout of the transform. Usually a 

few cycles of lattice refinement were needed to produce an 

accurate lattice as judged from root mean square deviations 

(about 0.3 pixels) of lattice positions. 



9.2 Pseudo-Optical Filtering Using Computer 

Generated Masks 
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As explained in Chapter 1, Section 3.2 (Fourier 

Methods), masks may be applied either optically or via 

computer for noise reduction and Fourier averaging. That is, 

the masks allow only the signal portion (periodic structure) 

of an image i::.o pass \'Thile the noise is eliminated. 

Pseudo-optical filtering, which decreases the noise in 

the image, was applied to the Fourier transform by masking 

reflections with a circle 13 pixels in diameter. The mask 

diameter included, fully, all of even the largest diameter 

reflections, without encompassing a great deal of background 

area. This diameter also ensured that no overlapping areas of 

different reflections occured in the mask, because distances 

between reflections were approximately 100 pixels. Because it 

was necessary that reflections be centered in the holes of the 

mask, the masks were inspected visually before the processing 

procedure was continued. Only those reflections that could be 

detected by eye were used in the inverse transform. The mask 

was inverse Fourier transformed and a filtered image was 

formed. 

9.3 Producing the Profile of a Peak 

The representative profile of a peak is used to detect 

"real" peaks which correspond to unit cell positions in the 

image. A 26 x 26 pixel area from the center of the image was 
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Fourier transformed and floated into a 512 x 512 area. The 

auto correlation was calculated by multiplying the transform 

by itself. The inverse transform of the auto correlation 

formed the basis of a peak profile which was later used in the 

program QUADSEARCH (coded by R. Henderson at MRC, Cambridge). 

9.4 Cross Correlating the Image and Searching 

for Cross Correlation Peaks 

The next step in the processing consisted of producing a 

cross correlation between the small reference area of the 

image and the image itself. After this, a search for the 

correlation peaks was made to determine vector displacements 

of the lattice so that lattice distortions could be corrected. 

A cross correlation was calculated when the transform of 

the reference area from the pseudo-optically filtered image 

and the transform of the original image were multiplied. The 

cross correlation was then inverse Fourier transformed to form 

a real space cross correlation map. The real space cross 

correlation map was searched for peaks and the previously 

calculated peak profile was used as a reference. The cross 

correlation map that was produced from this search was then 

subjected to a program which unbent the lattice according to 

Robinson et al, (1988). The image that had gone through the 

unbending program was Fourier transformed. Phases from this 

unbent transform were corrected for the contrast transfer 

function (see below, section 11) and were used in generating 

projection maps. 



10. PROCESSING THE IMAGES: 

II. PATCH AVERAGING 

The patch averaging scheme is illustrated in Figure 8 

and explained below. 
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In order to evaluate the variations in the crystal 

lattice across the image, averages of one hundred (10 x 10) 

image areas (patches) of the crystal were calculated using the 

image processing package, SPIDER (Frank et al, 1981). 

The first part of the correlation analysis was similar 

to that of the global averaging method. Once again, cross 

correlation was performed using a reference from the center of 

the image. Correlation peaks were searched for, but 

undistorting algorithms were not applied. The raw image was 

divided into 10 x 10 areas (patches) for local averaging. The 

patch averaging was done by taking the positions of the peaks 

from the cross correlation and adding each new area in the raw 

image which corresponded to these positions to the accumulated 

averaged image. 

11. CONTRAST TRANSFER FUNCTION 

As mentioned in Chapter 1, Section 2.2, the effects of 

the magnetic lens must be taken into account in the processing 

of images. 

The contrast transfer function (CTF) of the microscope 

was determined from the low-dose images when the function was 

observable in the optical diffractogram of these images, or 



FIGURE 8 

Drawing which demonstrates patch averaging. The first 

four drawings are identical to those in Figure 7, as are 

the steps in global and patch averaging. 

a) Image of crystal with "perfect" lattice. Background in 

a) and b) represents noise in the image. 

b) Image of crystal with lattice variations. 

c) Reference area from center of pseudo-optically filtered 

image calculated from b). 

d) Diagram of cross correlation peaks map generated from 

cross correlation of the reference c) with 

the image b). Dots represent perfect lattice 

positions; open circles represent found 

positions of cross correlation peaks. 

e) Same drawing as in d). Peak positions 1, 2, 3, 

and 4 are noted. 

f) Same drawing as in b). Positions corresponding 

to peaks in e) in a particular patch are noted. 

g) Each patch average is formed from the addition of 

image areas corresponding to the positions of 

the cross correlation peaks found in e). 

h) Final patchwork image which includes all patch averaged 

areas. 
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from the optical diffractogram of high-dose images according 

to equation [5] (Chapter 1, Section 2.2). Under- or 

over-focus conditions were calculated from high-dose images 

taken 1200 A under-focus from the first high-dose image. The 

CTF calculation was applied to the phases calculated from the 

image and projection maps were produced. 

12. CALCULATING MASS THICKNESS 

The mass thickness of crotoxin complex crytals and of 

purple membrane were estimated through the use of optical 

density values from the low magnification micrographs of 

freeze-dried specimens. Calculations were based on the 

optical density values of the micrographs according to 

equation [8] (Chapter 1, Section 5), where areas of either 

specimen or areas of the supporting carbon film occurred. 
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CHAPTER 3 

RESULTS 

The results are ordered as they were in Chapter 2, 

beginning with results from specimen preparation, continuing 

with results from electron microscopy, and ending with results 

from image processing. 

1. THE PURIFIED CROTOXIN COMPLEX PROTEIN 

The purification procedure for the crotoxin complex 

protein usually yielded 60% recovery of the protein from the 

Sephadex column and 75% recovery of the protein from the DEAE 

cellulose column. In one instance the protein could not be 

recovered from the second column, even though elutions with 

high salt (1.0 M NaCl), and both low and high pH conditions 

were employed. Even a 6.0 M urea solution failed to elute the 

elusive protein. After this, a batch method of purification 

was used and this lowered the yield from the DEAE cellulose 

somewhat (55% as opposed to 75%). 

2. CRYSTALLIZED CROTOXIN COMPLEX PROTEIN 

The formation of crystals was usually observed about 2 

hours after "seeding" the crystallization solution. The 

presence of crystals in the solution was indicated by an 
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opalescent appearance. Harvesting for thin crystals could be 

done anytime after crystals formed. The crystals retained 

their integrity, as judged by electron diffraction patterns of 

glucose-embedded crystals, for about ten months, but best 

results were obtained when the crystals were "fresh" (within 

six months of crystallization). Crystallization attempts did 

not always succeed and occasionally aggregates resulted. 

Another outcome was the formation of small crystals 

(micro-crystals) which adhered to the sides of the glass tube. 

This seemed to occur when the concentration of the the 

crotoxin complex protein in the original crystallization 

solution was on the low side of the protein concentration 

range which was required for crystal formation. A 

concentration of the crotoxin complex protein between 50 mgjml 

and BO mg/ml was required for the production of crystals and 

concentrations at the higher end of this range worked the 

best. Even after selection for thin crystals, the suspensions 

included crystals of different thickness. 

3. ELECTRON DIFFRACTION PATTERNS 

Electron diffraction patterns recorded from crystals 

embedded in amorphous ice indicate structure which is ordered 

to at least 3 A resolution (Fig. 9). The two prominent spots 

lying off the lattice in Figure 9d are due to diffraction from 

cubic ice which occasionally contaminates the specimen grid. 

A few of the reflections are streaked and a few are split. 



FIGURE 9 

Electron diffraction patterns from frozen-hydrated crotoxin 

complex crystals corresponding to images listed below. 

Distance between reflections along a* and b* axes is 

1/38.8 A. 

a) 662. 

b) 262. 

c) 268. 

d) 874. 

e) 97 4. 
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Figure 9. Electron Diffraction Patterns 



These phenomena might be due to the lack of flatness of the 

crystal on the grid. 
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Symmetry reliability factors (R-sym), were calculated 

for each diffraction pattern. In theory the intensities from 

Friedel mates (reflections corresponding to (h, k) and (-h, 

-k) should be identical. The R-sym is a measure of the 

similarity between the two intensities and is calculated 

according to: 

[ 1 1 

R-sym values for other types of symmetry relations may be al•;o 

calculated, such as symmetry relationships between (-h, k); 

(-h, -k); (h, -k); and (-h, k) reflections. This type of 

R-sym would indicate the closeness of the diffraction pattern 

to a four-fold symmetry. R-sym values are given in Table 1. 

The only electron diffraction pattern which shows any 

symmetry, other than Friedel symmetry, is the pattern 

corresponding to image 974. 

4. IMAGES 

Five images (662, 262, 268, 874, and 974) were selected 

for processing on the basis of their optical diffraction 

pattterns. Low resolution (about 28 A) repeats in the crystal 

are visible, to differing degrees, in each of the low-dose 

images (Fig. 10). Similarly, Taylor and Glaeser (1976) 

report high contrast at low resolution of images of all 

lattice images of unstained, hydrated catalase crystals that 

they have observed. They state that this high contrast arises 



TABLE 1 

R-sym• values corresponding to the comparison of 
intensity data from symmetry-related reflections of 
electron diffraction patterns, where a* and b* are the 
reciprocal lattice vectors, a*' and b*' are reciprocal 
lattice vectors rotated 45° from a* and b*, respectively. 
Number of reflections used in the calculation are given 
under the R-sym values. All reflections to 4 A 
resolution are included in R-sym calculations. 
R-sym symbols are: 

Symbol Symmetry 

Rf Friedel Symmetry 

Symmetry-Related 
Reflections 

Compare (h,k) to (-h,-k) 

Rmx Mirror Symmetry Compare (h,k) to (h,-k) 
along a* 

Rl\- Mirror Symmetry Compare (h, k) to (-h,k) 
along b* 

Rmm Mirror Symmetry Compare ( h,k) to 
along a* and b* (h,-k) and (-h,k) 
axes 

Rmx,Mirror Symmetry Compare (h, k) to ( k ,h) 
along a*' 

R1\-,Mirror Symmetry Compare (-h,k) to (-k,h) 
b*' 

Rmm' Mirror Symmetry 
along a*' and b*' 
axes 

Compare (h,k) to: 
(k,h) and (-k,h) 
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Image Rf Rmx Rmm Rmx, Rmy. Rmm' 

662 19.2 55.0 55.6 60.2 27.8 27.6 31.4 
145 137 136 64 139 139 66 

262 16.6 . 24.2 24.0 27.2 25.8 27.4 29.0 
144 136 136 64 138 138 65 

268 11.4 18.4 17.6 20.2 25.6 25.4 27.2 
144 134 135 63 136 136 65 

874 11.0 16.6 16.2 19.2 24.8 26.0 27.2 
144 134 135 63 136 136 65 

974 8.8 13.8 14.2 16.2 12.0 12.6 12.6 
143 135 135 63 136 136 64 

Table 1. R-Sym Values 



FIGURE 10 

Low-dose images of frozen-hydrated crotoxin complex crystals. 

1 em = 465 A. 
a) 662. 

b) 262. 

c) 268. 

d) 874. 

e) 974. 
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Figure 10. Low-Dose Images 
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primarily due to the difference in mass density between 

protein and the surrounding aqueous phase and that this mass 

density contrast will only be visible at lower resolutions 

where the protein lattice has large, well-defined aqueous 

channels. Reflections to at least 9 A resolution are seen in 

all of the optical diffractograms from the low-dose images 

(Fig. 11). The optical diffractogram from one image displays 

especially high resolution (3.9 A) (Fig. 12). This is the 

first time that such a high resolution image of any specimen 

embedded in amorphous ice has been recorded. 

Defocus values are indicated (Fig. 11) and show that 

three of the images are under-focussed and one is 

over-focussed. The contrast transfer function is observable 

in some of the optical diffractograms of the low-dose images. 

The presence of observable CTF in some of the low-dose 

opticals is most likely due to thinner ice covering these 

crystals. Optical diffractograms from the first high-dose 

images (Fig. 13) display the contrast transfer function at 

the approximate defocus value of the low-dose image. Optical 

diffractograms from the second high-dose images (Fig. 14) 

show the contrast transfer function at 1200 A under-focus from 

the defocus value of first high-dose image. As mentioned in 

the methods section, the final defocus values were calculated 

from the optical diffractograms. Simulated contrast transfer 

functions (Fig. 15), calculated from the final defocus values 

agree well with the opticals. In the case of· one image (Fig. 

14e), the defocus values were impossible to calculate due to 

the weakness of the contrast transfer function in the optical 



FIGURE 11 

Optical diffractograms from low-dose images of frozen-hydrated 

crotoxin complex crystals. 1 em = 1/ 22.2 A. Defocus values 

are indicated. Positive sign denotes underfocus and negative 

sign denotes overfocus. 

a) 662. Defocus + 5502 A 

b) 262. Defocus - 14732 A 

c) 268. Defocus + 6984 A 

d) 874. Defocus = + 11918 A 

e) 974. Defocus undetermined 
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Figure 11. Optical Diffractograms of Low-Dose Images 



FIGURE 12 

Optical diffractogram from one low-dose image (662) of a 

frozen-hydrated crotoxin complex crystal which exhibits 

particularly high resolution. Arrows indicate reflections 

7, 7 and -7, -7 corresponding to 3.9 A resolution. 

h and k axes are marked. 
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Figure 12. Optical Diffractogram of One Low-Dose Image 



FIGURE 13 

Optical diffractograms from first high-dose images of 

frozen-hydrated crotoxin complex cyrstals. These 

diffractograms show the contrast transfer function. 

1cm = 1/22.2 A. 
a) 662. 

b) 262. 

c) 268. 

d) 87 4. 

e) 97 4. 



Figure 13. Optical Diffractograrns of First 
High-Dose Images 
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FIGURE 14 

Optical diffractograms from second high-dose images 

of frozen-hydrated crotoxin complex crystals. 

Images were taken 1200 A underfocus from the first 

high-dose images (see Figure 13). 1 em= 1/22.2 A. 

a) 662. 

b) 262. 

c) 268. 

d) 874. Not available. 

e) 974. 



Figure 14. Optical Diffractograms of Second 
High-Dose Images 
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FIGURE 15 

Simulated contrast transfer functions for the images 

in Figure 11. Defocus values correspond to those 

calculated from first and second high-dose images. 

Square symbols represent reflection positions. Circles 

represent nodes of the contrast transfer function. 

3 mm = 1/38.8 A. 

a) 662. 

b) 262. 

c) 268. 

d) 87 4. 
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d. 

Figure 15. Calculated Contrast Transfer Functions 
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diffractograms. This could possibly be due to specimen drift 

in the electron microscope. 

5. PROJECTION MAPS FROM GLOBAL AVERAGING 

Projection maps were produced from four images of 

frozen-hydrated crystals of the crotoxin complex protein after 

they had gone through the unbending, global averaging process. 

Vector displacements were calculated during the unbending 

process of each of the images, and Figure 16 is a sample of 

the vector displacement maps before and after unbending of 

image 662. The calculated projection maps are shown in Figure 

17. Maps were generated using only those reflections which 

fit the criteria employed by Henderson et al (1986) for "good" 

reflections. Contrast transfer function corrections were 

applied and no symmetry was enforced. The effect of the 1,1 

reflection is quite strong in all of the maps. This fact is 

also indicated by the low resolution structure (about 28 A 

observed in the low-dose images. Interpretation of the maps 

is not possible because of the variations across the images. 

This will be discussed in the next section. 

6. CORRELATION PATCH-AVERAGING 

Results from correlation patch averaging are shown in 

Figure 18. It is obvious that the density distributions in 

the crystal vary across the images. 



FIGURE 16 

Example of vector displacements calculated during the 

unbending process. Vectors are magnified x 10. 

a) vector displacements before unbending. 

b) Smoothed correction vectors calculated from a). 

c) vector displacements after unbending. 
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after Unbending 

74 



FIGURE 17 

2-D (projection) maps showing 3 x 3 unit cells. Maps 

were produced from global averaging of low-dose 

electron micrographs. a* and b* axes are 

indicated. Solid lines represent contours of high 

density and dotted lines represent contours of low 

density. 1 em= 18.0 A. Number of reflections used 

in each map calculation are given to the right of the 

image number. 

a) 662. 80 

b) 262. 26 

c) 268. 86 

d) 874. 61 
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a. b. 

c. d. 

Figure 17. Projection Maps 



FIGURE 18 

Patch averaging of low-dose images in Figure 10. 

Patch averages were photographed from graphics 

display terminal. The 100 patches in each image 

are numbered in rows: 1-10, 11-20, 21-30, etc. 

a) 662. 

b) 262. 

c) 268. 

d) 87 4. 
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Figure 18. Patch Averages 
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Figure 18. Patch Averages (continued) 
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The montage created from the patch averages in image 662 

exhibits a variation from an upper left less strongly defined 

diagonal density to a very stronbly diagonal density in the 

lower right. This seems to be the major difference across the 

image. Some of the darker regions in the upper left, 

particularly patch 33, are larger than those regions in the 

lower right. There are some contrast differences from patch 

to patch. 

Blank patches (35, 42, 43, 44, 45,52, 53, 54) are seen 

in the montage from image 262. These are areas in which cross 

correlation peaks were not found. The patches at the top are 

very disordered. Very strikingly different patches are seen 

throughout. Different components of the major density 

predominate in the middle and on the right, making the pattern 

appear to change directions. Between them is what may be a 

transition zone. 

There is also variation across the montage of 268, but 

large parts of the patch averages are similar. Similar to the 

differences mentioned above for the image 662, different 

components of density dictate on the right and left sides. 

Montage 784 shows more variation in the patches than 268 

and 662, but less than 262. A peculiar "egg-carton" type 

patch is seen in this montage that is not seen in the other 

montages. 
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7. FREEZE-DRYING 

Occasionally, freeze-drying artifacts were seen in 

micrograhs of the freeze-dried material. These have been 

described in detail in the literature (Kistler and 

Kellenberger, 1977, Lepault and Dubochet, 1980, and Miller et 

al, 1983). The main artifacts consist of eutectic mixtures 

which appear as a filamentous network with triangular 

connection points. More of these structures were seen in the 

micrographs of the freeze-dried purple membrane, but they were 

also observed, though less often, in the freeze-dried crotoxin 

complex crystals. In the case of the crotoxin complex 

crystals these artifacts were most likely due to 

uncrystallized protein, although it is possible that a very 

small amount of the mother liquor might be left in the crystal 

suspensions. Micrographs or areas of micrographs which 

displayed these structures were avoided in the mass thickness 

calculations. 

8. MASS THICKNESS 

8.1 Purple Membrane as a Test Specimen 

Purple membrane was used as a test specimen for mass 

thickness calculations because its thickness (45 A) is known 

(Henderson and Unwin, 1975) and because it does not grow in 

multilayers. It was not used as a calibration tool because of 

the difference in densities between it and the crotoxin 



complex crystal. Calibration with purple membrane would be 

impractical because it is not known exactly how, these two 

different specimens behave in the freeze-drying step. 
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The possibility of deterffiining the mass thickness of 

different numbers of overlapping layers of purple membrane was 

examined. Areas from freeze-dried purple membrane 

preparations that displayed either no, one, or two overlapping 

membranes were chosen for mass thickness calculations. 

Overlapping layers of three membranes were very difficult to 

find and mass thickness values from only 7 of these areas were 

calculated as opposed to 175 single layers and 71 double 

layers (Table 2). Although there is some merging of the 

ranges between the mass thickness of one and two, and two and 

three layers, it seems likely that mass thickness differences 

corresponding to one layer of purple membrane could be 

determined. The mass thickness determination can certainly 

distinguish between one layer and three layers of purple 

membrane. 

8.2 Crotoxin Complex Crystals 

Differences in mass thickness calculated from 

freeze-dried, crotoxin complex crystals do not show as clear a 

delineation between single layers (64 A) of the crystals, as 

do those differences calculated for overlapping layers of 

purple membrane (Fig 19). It was expected that there would be 

more distinct separations between the mass thickness of layers 

of the crotoxin complex crystals. A possible explanation for 



TABLE 2 

Mass thickness values for one, two, and three overlapping 

layers of purple membrane. 
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MASS 
NUMBER THICKNESS NUMBER 

OF (MEAN IN OF 
LAYERS ARB. UNITS) RANGE SAMPLES 

5.4 2.4 to 10.0 175 

2 9.6 8.6 to 21.0 71 

3 23.7 15.8 to 25.9 7 

Table 2. Mass Thickness of Purple Membrane 



FIGURE 19 

Histogram of mass thickness values obtained from 

freeze-dried crotoxin complex crystals. 
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MASS THICK. (arb. ttnits) 

Figure 19. Mass Thickness of Crotoxin Complex Crystals 



the observation of the more continuous type of mass 

thickness seen in the case of the crotoxin complex crystals 

will be given in the discussion. 
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CHAPTER 4 

DISCUSSION 

The present study involved: 1) development of a high 

resolution imaging technique for frozen-hydrated specimens, 

specifically crotoxin complex crystals; 2) analysis of 

disorder in these crystals by patch averaging methods; and 3) 

the development of a method to determine the number of layers 

in a crystal by calculating the mass thickness of freeze-dried 

specimens. 

High resolution information was recorded in images from 

cryo-electron microscopy of frozen-hydrated crotoxin complex 

crystals. This is the highest resolution yet achieved for 

electron microscope imaging of a soluble protein crystal 

embedded in amorphous ice. The information cannot be 

interpreted at this time due to the disorder of the specimen, 

but if the problems discussed below can be overcome, a 3-D 

high resolution structure of the crotoxin complex might be 

possible. It was shown that the mass thickness difference 

between one and three overlapping layers of purple membrame 

could be distinguished and that the number of layers of 

crotoxin complex crystals might be distinguished to within an 

error of± two layers (130 A). 
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1. CRYSTALLINE DISORDER 

The frozen-hydrated crotoxin complex crystal is a 

disordered specimen as was shown in Chapter 3, Section 6. The 

projection images were seen to vary with respect to position 

after patch averaging methods were applied. This problem 

needs to be overcome before a high resolution 3-D 

reconstruction can be done. Sources which might contribute to 

the disorder include variations in thickness within a crystal, 

the presence of different isoforms of the molecule, radiation 

damage, incomplete embedding in the amorphous ice, and/or lack 

of flatness of the crystal. Each of these possible causes is 

discussed below. 

The disorder could be due to variations in thickness 

within crystals (i.e. number of layers) that are not readily 

seen in the low-dose images and that cannot be detected by the 

global averaging method of image processing. Patch averaging 

seems to be the most convenient method of detecting and 

analyzing disorder in the images although some differences 

across the images can be discerned by optical diffraction. 

The disappearance of a reflection was noted when a laser beam 

with a diameter corresponding to 500 A at the specimen plane 

of the electron microscope was used to check optical 

diffraction patterns of images. By careful examination, it 

was found that differences in the pattern could be discovered 

over a distance corresponding to about 335 A at the specimen 

plane. Generally a larger laser beam diameter (about 4000 A, 
at the specimen plane) is used to scan the images because the 
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low signal-to-noise ratio of a small laser beam spot prohibits 

the discovery of high resolution reflections. Although the 

detection of some disorder is possible when looking at optical 

diffraction patterns, the total extent of disorder and its 

arrangement across the scanned image area is much more 

conveniently seen and analyzed with patch averaging 

methodology. That is, one can see the whole layout of the 

patchwork. D. G. Morgan (personal communication) reports 

that this method has been sucessfully applied to 

distinguishing areas which are clearly of different crystal 

thickness in images of GP32*I crystals. 

It is possible that the presence of slightly different 

molecules of the crotoxin complex protein could a contribute 

in some way to the specimen disorder. Recently, Faure and Bon 

(1987, 1988) have shown that venom from even a single snake 

includes 5-10 different isoforms of the crotoxin complex that 

appear to vary by a few amino acids. Although this 

explanation is less likely than the others, a higher protein 

purity is certainly worth considering and work in this area 

needs to carried out. 

Some radiation damage is undoubtedly occuring even 

though low dose and low temperature techniques are used. The 

dose given to the specimen during the recording of the first 

image is still 60 times that given to the specimen during 

recording of the electron diffraction pattern. Rearrangement 

and movement of the specimen could occur. Lower doses of 

about 1-2 e-;A2 might be used in future image recording. 
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Different areas of the crystal could be embedded to a 

different extent in the amorphous ice. It seems unlikely that 

differences over such small areas as those seen in the 

patchwork images could be caused by different degrees of ice 

embedding, but it might be possible. 

Buckling of the crystals offers the most likely 

explanation for the disorder. The crystals may act like large 

flexible sheets because the lateral area of the crystals 

(about 40000 A x 40000 A) is so much larger than their height 

(about 500 A or less). As noted previously (Chapter 1, 

Section 4.14) flatness of the crystals on the grid is a major 

consideration in the collection of high resolution data. 

Baldwin and Henderson (1984) and Henderson and Glaeser (1985) 

point out that buckling of their specimens, purple membrane 

and paraffin, is a detriment to achieving high resolution. 

Buckling might be detected by observing electron diffraction 

patterns of highly tilted crystals. It is possible that 

instead of taking one electron diffraction pattern in 

recording the series of micrographs (see Chapter 2, Section 

5.3), two such patterns could be recorded-- one at high (60 °) 

tilt and the other at the same tilt to be used in recording 

the image. Again, optical diffraction with small laser beam 

and ultimately patch averaging could be used to examine the 

images. A strong support (holey carbon grids coated with 

gold) for the crystals was used in the present study in the 

hope of inhibiting buckling of the crystals, but disorder was 

still observed. It is quite possible that the crystal would 

buckle no matter how strong the support was. Ways of 



flattening the crystal on the grid (such as coating the grid 

with a protein or other solution prior to the application of 

the crystal suspension) need to be explored more fully. 

2. MASS THICKNESS CALCULATIONS 

2.1 Effect of Freeze-Drying on Specimens 
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Because the specimens were freeze-dried, the effect of 

water sublimation from the samples of purple membrane and the 

crotoxin complex crystals must be addressed. 

2.11 Extent of Freeze-Drying 

The first consideration is whether the specimens were 

totally freeze-dried. Umrath (1983) calculated the 

sublimation rates and drying times for various temperatures, 

pressures, and thicknesses of samples. For instance, at -90° 

c, 7.0 x 10- 5 torr, the sublimatlon rate is 1.28 x 

16- 6 g/cm2 sec and the drying rate is 1.37 nm;sec. It is clear 

from these rates that a 500 A thick sample would be completely 

dry at the time (about 16 hours), temperature (-148° c to +15° 

C), and pressure (l0- 7 torr) that are involved in 

freeze-drying specimens in_the present study. Certainly, all 

of the water which is going to sublime does so under these 

conditions, and the water which remains in the specimen must 

be tightly bound. 



2.12 water Sublimation in Purple Membrane and 

Crotoxin Complex Crystals 

It is estimated that 5% to 10% of the water is left in 

protein crystals when they are freeze-dried (J. R. Rupley, 

personal communication), so the second consideration is how 

the densities of the specimens are changed by the water loss 

and, how the loss affects the mass thickness calculations. 
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Purple membrane should lose only a small amount of water 

upon freeze-drying because the bacteriorhodopsin is embedded 

in a lipid bilayer. 75% of the purple membrane is protein and 

25% is lipid (Henderson and Unwin, 1975). worcester and 

Franks (1976), used neutron diffraction to estimate that at 

66% to 100% humidity, the bilayer (3:2 molar ratio, egg 

lecithin: cholesterol) water content was 10% to 20% (w/w). 

It can be estimated that in the frozen-hydrated state, 20% of 

the lipid mass is water (assuming that frozen-hydrated purple 

membrane is at a humidity of 100%) and 5% of the total purple 

membrane mass is water (excluding the water which is tightly 

bound to the protein). If 7.5% of the water remains after 

freeze-drying (assuming that the same amount of water will be 

left in membrane crystals as is left in protein crystals), 

approximately 1.5% of the lipid portion or 0.4% of the total 

purple membrane is water that remains. This constitutes a 

loss of about 4.6% in the water mass from the purple membrane. 

If it is assumed that most or all of the water bound to the 

bacteriorhodopsin remains there after freeze-drying, then the 



density and the thickness of purple membrane probably do not 

change very much when the membrane is freeze-dried. 
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In the case of crotoxin complex crystals the density 

probably changes when they are freeze-dried because 40% of the 

mass of these crystals is water. If 7.5% of the water is left 

after freeze-drying, then about 3% of the crystal is water at 

the end of this process. If the above assumptions are valid, 

the mass thickness calculatons of the purple membrane are not 

substantially affected, but those calculations for the 

crotoxin complex crystal are affected. Implications of this 

fact are discussed below. 

2.2 Explanation for Mass Thickness Continuum of 

Crotoxin Complex Crystals 

In the case of crotoxin complex crystals, mass thickness 

after the loss of 37% of the mass of the crystals were 

calculated. This consititutes smaller differences in mass 

thickness than in the case of overlapping layers of purple 

membrane. It is not surprising, if this is the case, that 

strict differences in mass thickness corresponding to 64 A 
layers are not seen. It is not possible to determine mass 

thickness differences this narrowly by employing this method. 

However, the differences that are seen may be enough to 

determine the number of layers which are present in different 

crystals with an uncertainty of ± two layers. 



3. SUMMARY 

It was determined that images of frozen-hydrated 

crotoxin complex crystals containing high resolution 

information could be obt~ined, but that this information 

cannot be interpreted due to the disorder of the specimen. 

Variations across the images of crystals were evaluated by 

correlation analysis and patch averaging. A method for the 

mass thickness determination of freeze-dried crystals was 

explored. 
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