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ABSTRACT 
The structure of the purple membrane of Halobacterium halobium 

has been studied by high resolution electron microscopy and electron 
diffraction, primarily at low temperature. The handedness of the purple 
membrane diffraction pattern with respect to the cell membrane was deter
mined by electron diffraction of purple memb-,nes adsorbed to polylysine. 
A new method of preparing frozen specimens was :.ied to preserve the high 
resolution order of the membranes in the electron iiicroscope. High 
resolution imaging of glucose-embedded purple me. .>rnnes at room temperature 
was used to relate the orientation of the diffraction pattern to the 
absolute orientation of the structure of the bacterior!:odopsin molecule. 

The purple membrane's "critical dose" for electron beam-induced 
damage has been measured at room temperature and at -120°C, and has been 



found to be approximately five times greater at -120<>C. Because of this 
decrease in radiation sensitivity, imaging of the membrane at low tempera
ture should result in an increased signal-to-noise ratio, and thus better 
statistical definition of the phases of weak reflections. Higher 
resolution phases may thus be extracted from images than can be determined 
by imaging at room temperature. To achieve this end, a high resolution, 
liquid nitrogen-cooled stage has been built for the JEOL-10DB. Once ths 

appropriate technology for taking low dose images at very high resolution 
has been developed, this stage will hopefully be used to determine the 
high resolution structure of the purple membrane. 
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I. INTRODUCTION 

The purple membrane is a specialized area of the cell membrane of 

some salt-loving bacteria. The purple membrane patches are easily 

isolated [Oesterhelt and Stoeckenius, 1971,1974] and they contain a 

single protein, bacteriorhodopsin, which constitutes 75% of their weight. 

Retinal is bound to the protein by a Schiff's base, and the resulting 

retinal-protein complex, termed bacteriorhodopsin, is responsible for the 

purple color of the membrane [Oesterhelt and Stoeckenius, 1971]. Much 

interest in the purple membrane was generated following the demonstration 

that,upon illumination, the bacteriorhodopsin molecule translocates 

protons from one side of the membrane to the other [Oesterhelt and 

Stoeckenius, 1973; Lozier et al.,1975]. The purple membrane was thus 

shown to be an elegant energy transduction device, converting light into 

a.i electrochemical gradient which could then be used by the cell to make 

ATP [Oesterhelt and Stoeckenius, 1973; Danon and Stoeckenius, 1974; 

Bogomolni et al., 1976], or to transport metabolites across the cell 

membrane [MacDonald and Lanyi, 197S; Lanyi and MacDonald, 1977]. 

Flash photometric experiments [Lozier et al., 1975; Dencher and 

Wilms, 1975; Kung et al., 1975; Sherman et al., 1976; Lozier et al., 1976; 

Lozier and Nirderberger, 1977; Hwang et al., 1978; Hwang and Stoeckenius, 

1977; Hwang et al., 1977a] have established that bacteriorhodopsin 

operates in a photocycle, releasing protons and then taking them up. In 

this cycle, an initial rapid photo-reversible event, resulting in an 

intermediate termed IC- 0 (for 590 nm absorption maximum) is followed by 

several thermal transitions, during which the retinal-protein complex is 
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converted into intermediates L5__ H.--, N S 2 o ' a n d possibly °640' a n <* 
back to bacteriorhodopsin. 

The purple membrane also undergoes a process of light and dark 
adaptation [Oesterhelt et al., 1973], When kept in the dark for many 
hours, the bacteriorhodopsin adsorbs at —558 nm, but when it is exposed 
to bright light for one or two minutes, its adsorption maximum shifts to 
~568 nm. Retinal extracted from light-adapted membranes is in the all-trans 
conformation, while that extracted from dark-adapted membranes seems to be 
a mixture of all-trans and 13-cis in a ratio of 1:1 [Oesterhelt et al., 1973; 
Pettei et al., 1977; Dencher et al.,1976]. 

The fact that the purple membrane is capable of pumping protons 
from one side to the other points up its intrinsic asymmetry. This 
asymmetry is evident when whole H.halobium cells are freeze-fractured, 
and the fracture plane passes through a purple membrane patch, which 
appears quite distinct from the rest of the plasma membrane [Blaurock and 
Stoeckenius, 1971]. Under these circumstances, the freeze-fractured 
purple membrane is smooth when the £ face of the cell membrane is exposed, 
and is covered with an array of large particles when the P face is exposed. 
Likewise, when isolated purple membranes axe sprayed onto a mica surface, 
air-dried, shadowed, and replicated, half of tliem appear smooth and the 
other half show cracks [Kushwaha et al., 1976]. An asymmetry is also 
evident in the profile determined from x-ray diffraction [Blaurock and 
King, 1977], and by the presence or absence of a hexagonal array upon 
metal decoration [Neugebauer and Zingsheim, 1978]. Gerber et al [1977] 
have performed experiments using proteolytic cleavage of purple membranes 
reconsituted into phospholipid vesicles, in which the membrane pumps 
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protons inward, and of purple membranes in "resealed envelopes," in which 

it pumps protons outwards. In the former case, a carboxy-terminal fragment 

of about 15 amino acid residues is released, while in the latter case, 

no such fragment is detected. 

The charge asymmetry of the purple membrane has been used by Fisher 

et al [197S] to preferentially orient purple membranes by adsorbing them 

to polylysine. When light-adapted purple membranes are applied to poly-

lysine-coated glass at pH 7.4, air-dried, shadowed and replicated, over 

90% of them appear "cracked," while less than 10% appear "pitted." The 

same preferential adsorption is shown by the preferential binding of 

cationic ferritin to one side and not the other. The fact that it is 

the cytoplasmic side that adsorbs to polylysine is shown by freeze-

fracture replicas of adsorbed membranes, in which most fractures appear 

rough, like the P face of the purple membrane in freeze-fracture replicas 

of whole cells. This preferential orientation gradually reverses as the 

pH of adsorption is lowered, until, when pH 3 is reached, most cf the 

membranes attach by the extracellular side [Fisher et al., 1977]. If 

membranes are titrated rapidly to pH 4 to avoid aggregation, about 

two-thirds of the membranes adsorb by the extracellular sides [Fisher, 

personal communication, 1977]. 

Elucidation of the molecular structure of the purple membrane has 

been facilitated by the fact that it is a highly ordered, two-dimensional 

crystal [Blaurock and Stoeckenius, 1971]. It has lateral dimensions of 

~0.5 - 1 urn, a thickness of only one unit cell (~45 - 50A), and a symmetry 

belonging to the plane group p3 [Blaurock and Stoeckenius, 1971; Blaurock 

1975; Henderson, 1975]. It is this crystallmity that gives rise to the 
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characteristic cracking pattern on drying, and to the regular array of 
particles in freeze-fracture. Because of its periodic structure, and 
because of the fact that it is so thin, purple membrane was well suited 
for electron microscopic structure determination. The periodicity of the 
specimen allowed the problem of radiation damage to be overcome, and the 
thinness of the specimen allowed the images to be interpreted in terms 
of the projected Coulomb potential, or the projected structure of the 
membrane. 

Microscopy of periodic specimens was first suggested by Glaeser et 
al. [1971] to overcome the problem of electron radiation damage of unfixed, 
unstained biological specimens, although methods for processing images of 
periodic, negatively-stained specimens were already well established [Klug 
and Berger, 1964; Klug and aeRosier, 1966,1968]. Several reviews discuss 
the effects of radiation on biological specimens, as well as methods to 
assess damage [Glaeser, 1975; Isaacson, 1975; Stenn and Bahr, 1970; 
Reimer, 1975]. At 100 keV, the chief damaging process is initiated when 
a primary event, such as ionization or excitation, is caused by the 
inelastic scattering of an incident electron. Secondary events can take 
the form of bond rupture with consequent free radical and molecular ion 
formation, molecular fragmentation, mass loss, crosslinking, and polymer
ization. Methods used to assess damage include loss of or changes in 
crystalline diffraction [Glaeser, 1971; Siegel, 1972], electron energy loss 
spectroscopy [Isaacson et al., 1974], adsorption spectroscopy of irradiation 
specimens [Baumeister et al., 1976], and mass loss determinations by auto
radiography or loss of specimen contrast Dubochet, 1975 . Typically, 
most unfixed unstained biological specimens become completely damaged 
after receiving a few electrons/A2 [see e.g. Glaeser, 1975]. 



The maximum resolution that can be obtained from a micrograph 
taken with such a "critical" exposure, N , is limited by the statistical 
nature of the electron events on the recording medium, and is gi\~n by 
the Rose equation [Glaeser, 1971]: 

d > — T - CI) C(fN y* 1 cr' 

where d is the object size, C is the contrast of the object, 
and f is a utilization factor equal to the fraction of incident electrons 
that contribute to image formation. Since C is typically < 10% for biolog
ical specimens, and if we let fN ~1 electron/A* , then d £ 50 A, and 

r c r 

we see that high resolution imaging is impossible. But if we image a 
periodic object such as the purple membrane with such a low exposure, we 
can superimpose many unit cells, and thus build up a statistically well 
defined image of one unit cell. If the equivalent dose is 900 times 
the value of 1 e /A because of the superposition of 900 unit cells, 
then the minimum resolution possible drops to ~ 1.7A. 

The fact that the purple membrane is an extremely thin object that 
is made up of light atoms enables one to approximate it as a "weak phase 
object." The "contrast transfer function" theory of image formation of 
such an object with coherent illumination is well established [see e.g., 
Hanszen, 1971; Hoppe, 1970; Hoppe et al., 1970; Lenz, 1965,1971], and the 
theory has been extended to include effects of partial spatial and temporal 
coherence, as well as other instrumental instabilities [Hanszen and Trepte, 
1971a,1971b; Frank, 1973]. This theory predicts a simple relationship 
between the Fourier transform of the object and that of the i^age: 
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F linage C x' y )} = Scg F { V ( X , V ) } sinYC?)E(s) , for s/0 (2) 

H»re I. (x,y) is the image intensity, r is the Fourier transform operator, image 
•h is 1/2TT times Planck's constant, s is the spatial frequency variable, 

V'(x,y) = /v(x,y,z)dz C3) 

is the projected potential of the object, y(s) is the phase distortion 

due to spherical aberration, c s, and defocus, Az, given by 

YCs) = 2lT ) S / - % A s ( ' W 

where X is the wavelength of the electrons, and E(s) is the envelope 
function due to partial spatial and temporal coherence, as well as 
instrumental instabilities. The Fourier transform of the image is thus 
equivalent to the Fourier transform of the object structure multiplied 
by the "contrast transfer function", siny(s), and an attenuation function 
E(s). The fact that Fourier ("diffraction") methods are useful in 
correcting for the contrast transfer function, as well as for overcoming 
the radiation damage problem by superimposing many unit cells, allows 
for a unified treatment of the image data by computer processing. 

Th" approach of taking low dose images of a periodic specimen, and 
analyzing the resulting images by Fourier methods, was successfully used 
by Unwin and Henderson [1975] to determine the projected structure of the 
purple membrane to 6.6 S resolution. Combining phases calculated from 
low dose images with Fourier amplitudes measured from electron diffraction 
patterns, they found that the membrane consists of trimers of structures 
which they interpreted as three alpha helices viewed end-on, as well as a 
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smear of high potential of unknown composition. Their following work on 

the three-dimensional structure of the membrane to 7 A, using tilted 

views [Henderson and Unwin, 1975] established that this swear was formed 

from four other rods, also presumed to be alpha helices. These rods 

were inclined at increasingly greater angles with respect to the perpen

dicular of the membrane plane, and furthermore, they appeared to fan out 

towards one side of the membrane. 

During both of these studies, the membranes were prepared for 

microscopy by embedding in glucose. Glucose embedding was used to 

preserve the membrane structure upon drying and insertion into the vacuum 

of the microscope column. While preservation of high resolution structure 

in purple membrane is possible on air-drying in bulk [Henderson, 1S75], 

and also occasionally when single membranes are air-dried on a thin 

carbon film, drying in glucose was the only way demonstrated to preserve 

the purple membrane structure routinely for electron microscopy. Other 

methods for preserving high resolution structure for electron microscopy, 

such as hydration chambers [Matricardi et al., 1972] and frozen-hydrated 

specimen preparation [Taylor and Glaeser, 1974] should, in principle, 

have been possible. However, high resolution imaging has not been shown 

to be possible with the differentially-pumped hydration chamber, and 

locating such a thin specimen in an ice embedment has so far proven 

difficult due to lack of contrast. The frozen specimen preparation 

procedure described herein circumvents the latter difficulty, although 

so far its chief advantage over glucose embedding seems to be limited to 

the fact that order is preserved in membranes attached to polylysine. 

However, evidence has recently been presented [Hsiao et al., 1978] that 
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high concentrations of sugar alter the membrane structure. Therefore it 

may prove to be necessary to use this new frozen specimen preparation 

method to obtain detailed structural information about "native" purple 

membranes. i 

The .notion that the frozen-hydrated state might be closer to 

the "native" hydrated state, than is the glucose-embedded state, 

focuses attention on the need for a stable, low temperature electron 

microscope stage. But an even more pressing reason for such a stage 

is suggested by radiation damage experiments. Taylor and Glaeser 

[1976] found that glucose-embedded and frozen-hydrated catalase crystals 

had a critical exposure at -120 6C that was three times larger than that 

of glucose-embedded catalase at room temperature, and ten times larger 

than wet-hydrated catalase at room temperature [Matricardi et al.,1972]. 

Since the present work demonstrates a comparable low temperature effect 

on glucose-embedded purple membrane, the possibility of achieving resolu

tions higher than 7 A by imaging purple membrane at low temperature is 

raised, and seems to be close at hand with the successful construction 

of the high-resolution cold stage described herein. 

Ever since the pioneering work by Unwin and Henderson on the applica

tion of low dose electron microscopy and diffraction to the study of the 

structure of the purple membrane, biologists have been intrigued with the 

possibility of determining the structures of membrane-hound proteins and of 

thin protein crystals by these techniques. Such methods have recently been 

applied to the study of cytochrome oxidase vesicles [Henderson et al., 1977J, 

ribosome crystals [Unwin, 1977; Unwin and Taddei, 1977], zinc-induced 

tubulin sheets [Crepeau et al.,1977], catalase crystals [Unwin, 1975; 
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Unwin and Henderson, 1975; Taylor, 1978], and to a certain extent, DNA 
helix destabilizing protein 32* [Chiu and Hosoda, 1978], However, despite 
its impact on the field of biological electron microscopy, the original 
work on purple membrane has raised more questions than it has answered. 
Some of these questions, such as, "What is the absolute orientation of 
the structural model of bacteriorhodopsin in the cell membrane?", and 
"Why was the original work limited to a resolution of 7 A?", are dealt 
with in the present work. Other questions, such as, "What is the atomic 
structure of the purple membrane?", and, "How does its structure enable it 
to act as a light-driven proton pump?", have not yet been answered, 
although this work outlines the ways in which these questions may be 
answered in the near future. 
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ll. THE ORIENTATION OF THE MOLECULAR STRUCTURE OF 
BACTERIORHODOPSIN WITHIN THE PURPLE MEMBRANE OF H.HALOBIUM 

A. Introduction: The Purpose of the Orientation Determination 

A'though the molecular structure of the purple membrane has been 

determined to ~7 A resolution, the absolute orientation of this structure 

within the cell membrane was not known. At this level of resolution, 

knowledge of the orientation is of little consequence. However, if the 

structure is determined to higher resolution, it may be possible to fit the 

polypeptide sequence to the structure. Such a possibility would depend 

upon having at least two pieces of information: the polypeptide sequence 

itself, and the orientation of the structure in the membrane. Information 

from at least four research groups has contributed to ome knowledge of the 

sequence [Bridgen and Walker, 1976; Keefer and Bradshaw, 1977; Ovchinnikov 

et al., 1977; Gerber et al., 1977], and presumably the complete sequence 

will be known within a year or so. The determination of the orientation 

would be useful, since it is known that the carboxy-terminal end is on 

the cytoplasmic side [Gerber et al., 1977], and thus the fitting of the 

sequence to the structure would have a reduced number of possible starting 

points. Other information useful for the fitting procedure will be a 

knowledge of the locations of a few side chains (by heavy atom labeling) 

and a knowledge of the location of the retinal, which is known to be 

attached to lys 41 [Ovchinnikov, 1977]. Both questions are currently 

under investigation [Dumont and Wiggins, 1978; King, 1978; Henderson, 

personal communication]. 

Another reason for determining the absolute orientation of the 
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structure is to relate the structure to its function. Since the membrane 

is known to translocate protons from the cytoplasmic to the extracellulr. 

side [Lozier et al., 1975}, a knowledge of which side of the protein 

structure is cytoplasmic and which is extracellular will be necessary 

in order to understand the mechanism of proton pumping in terms of the 

molecular structure. If this goal is reached, it will be the first time 

that the molecular mechanism of a biological photochemical transducer is 

understood in detail. 

B. The Orientation and Preservation of Membranes 
for Electron Diffraction 

Because the preferential adsorption of purple membrane to polylysine 

had been well characterized, it was decided that membranes would be 

oriented on the grid by this method. Another method known to preferen

tially orient purple membranes, i.e., incorporation into phospholipid 

films at an air-water interface [Hwang et al., 1977b], was ruled out because 

such orientation required sonication of the membranes into small patches. 

Once orientation by adsorption to polylysine-coated grids was 

achieved, however, it was necessary to preserve the membrane structure 

for electron diffraction. Furthermore, it was necessary for single patches 

of membrane, free of contact with any others, to be well preserved, since 

diffraction from such "solitary" membranes would be necessary to guarantee 

that the diffracting membrane was indeed the one attached to the polylysine. 

Unfortunately, when purple membranes were applied to polylysine-coated 

grids and embedded in glucose, no Lffraetion patterns were obtained from 

such solitary patches. The reason for this was presumed to be the fact 
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that, in order for single membranes to be visible, they could not be 

surrounded by glucose, since any glucose in the area would coat the 

membranes and polylysine evenly. Visible single membranes, then, must 

have been air-dried. Apparently aiT-drying on polylysine had the effect 

of disordering the membranes, probably due to the effect of surface 

tension forces on the membrine tightly bound to the support film. It 

was thus concluded that another method of specimen preservation had to 

be developed. 

The method of specimen preparation that was decided upon involved 

passing a grid with adsorbed, hydrated purple membranes through a fatty 

acid film at an air-water interface, and then freezing the grid in liquid 

nitrogen prior to observation on an electron microscope cold stage. The 

purpose served by the fatty acid film was to squeeze out the bulk water 

by adhesion to the surface, and to retain water of hydration until the 

specimen could be frozen. The result was thus to produce a frozen-hydrated 

specimen devoid of bulk water, in which single adsorbed purple membrane 

patches were readily visible. 

To avoid the problem of formation of a lens of water on the back 

side of the grids, the following method of mounting grids on a solid 

support was devised. A formvar film was floated onto distilled water, 

and a few 200-mesh grids were dropped onto the film. The grids had 

previously been coated with a holey carbon film to prevent specimen 

charging. The formvar film was then picked up by touching a 22 x22 mm 

plastic c/erslip to the grid side of the formvar. The coverslip was 

allowed to air-dry, and then —40 A of carbon was evaporated onto the film* 

The coverslip was glow-discharged in air to render the carbon film hydro-
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philic, and SO \il of 5 mg/mZ polylysine Type II hydrobromide (Sigma) 
was applied. After one minute, the polylysine was rinsed off vigorously 
with distilled water and air-dried. Light-adapted purple membranes were 
then applied at a concentration of ~0.125 mg/ml. The membranes had been 
filtered twice through 3 ym millipore filters to remove aggregates, and 
either suspended in pH 7.4 dilute phosphate buffer (~S mOsM) or titrated 
co pH 4 with S mM malate-HCl and rapidly applied to prevent aggregation. 
After one minute, the membranes were washed off vigorously with the 
appropriate buffer, and finally rinsed in distilled water. The coverslip 
was then submerged in a crystallizing dish containing 5 mM CaCl titrated 
to pH 8-9. Several drops of castor oil (for use as a piston oil) were 
dropped onto the surface, followed immediately by a drop of 1% stearic 
acid in hexane. As the hexane evaporated, the stearic acid formed a 
surface film, compressing the castor oil into a lens. Within a short 
time the film could be seen to be quite rigid. The coverslip was then 
withdrawn slowly through a uniform area of the film. Generally this 
resulted in a coverslip whose grid side was almost devoid of bulk water. 
The coverslip and its contents were thus presumed to be in the following 
order: coverslip, grid, holey film, formvar, glow-discharged carbon, 
polylysine, hydrated purple membranes, and Ca-stearate film with fatty 
acyl chains pointing into the air. A schematic diagram of the specimen 
preparation procedure is shown in Fig. 1. 

One of the grids was removed from the coverslip and frozen directly 
in liquid nitrogen. The specimen grid was then introduced into the liquid 
nitrogen-cooled stage of the JEOL-IOOB by methods described by Taylor and 
Glaeser [1975]. 
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Fig. 1. Schematic drawing of the Ca-s teara te frozen specimen preparat ion method. 
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Once the specimen grid was in the microscope, it was scanned at a 
low exposure rate (—1 e'/K /min) so that a membrane could be located, 
"or scanning the grids, the microscope was operated in a long camera-
length diffraction mode, but with the intermediate lens overfocused from 
the normal diffraction condition. The result was a low magnification 
bright-field image very far out of focus, so that the edges of the purple 
membranes were visible due to Fresnel diffraction. The presence of the 
Ca-stearate film was detected, when the diffraction spot was focused, by 
the presence of a diffuse hexagonal pattern due to diffraction by the 
hexagonally packed fatty acyl chains. When a single purple membrane 
patch was found, a field-limiting aperture was inserted, the diffraction 
spot was focused, and the pattern was recorded for ~3 minutes at a dose 
rate of 1 electron/XVmin. The recording medium was usually NTB-2 plates, 
although occasionally it was Kodak SO-163 film. NTB-2 plates had been 
prepared according to Kuo and Glaeser [1975], and were developed for 
20 minutes in D19 following exposure. S0-163 film was developed for 12 
minutes in D19. After The diffraction pattern was recorded, th<j diffrac
tion spot was defocused, and the out of focus image was recorded on SO-163 
film. The purpose of this was to determine with certainty whether or not 
the diffracting patch was alone, or part of a small aggregate. Only 
diffraction from single membranes was used for the analysis of handedness. 
After the recording of diffraction patterns was completed, the grid was 
removed from the microscope, and its orientation with respect to the 
incident beam was noted. 

Figure 2 shows a diffraction pattern recorded from a single purple 
membrane patch adsorbed at pH 7.4. In this case the beam was incident 
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Fig. 2. Selected-area electron diffraction pattern from a purple 

membrane patch adsorbed at pH 7.4. The beam was incident 
on the grid side of the specimen. The most intense spot, 
the (4,3), has been circled. 

XBB 789-12167 
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on the "grid side" of the specimen. Clearly visible are the six diffuse 
reflections at ~4.2A due to diffraction by the Ca-stearate chains. The 
purple membrane pattern extends to ~7X resolution. Figure 3 shows a 
pattern extending to ~4A. In this case the large amount of diffuse 
inelastic scattering obscures the handedness of the pattern. The majority 
of patterns recorded from purple membrane patches extended to at least 7X 
whenever the hexagonal diffraction pattern from the overlying stearate 
film was visible on the screen. The presence of the stearate diffraction 
pattern was thus a good indicator for the preservation of order in the 
purple membrane. 

The most intense purple membrane reflection in Fig. 2 has been 
circled. In this pattern it is the (4,3) reflection. We shall term 
patterns whose most intense reflection is the (4,3), "right-handed" 
patterns. Of 22 patterns recorded from single membrane^ adsorbed at 
pK /.4, all exhibited this same diffraction pattern orientation with 
respect to the grid. Thus the membranes can indeed be seen to have been 
preferentially oriented. Since at this pH the membranes have been shown 
to attach by their cytoplasmic side, and since the beam was incident on 
the "grid side," it can be concluded that the right-handed diffraction 
pattern corresponds to viewing the membrane when facing the cytoplasmic 
side. 

Figure 4 shows a diffraction pattern recorded from a single purple 
membrane patch titrated to pH 4 and then applied to the polylysine. The 
beam was incident on the "grid side" of the specimen in this case as well. 
The most intense reflection has been circled; this time it is the (3,4). 
This pattern is therefore "left-handed." Of nine patterns recorded from 
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single membranes titrated to pH 4 and then applied, six were left-handed 

for this grid orientation, and three were right-handed. This is indepen

dent confirmation that the orientation of attachment reverses as the pH 

is lowered, reaching a ratio for extracellular to cytoplasmic attachment 

of -2:1 at pH 4. 

I. Evidence for Maintenance of Hydration by the Ca-Stearate Film 

The fact that the above mentioned frozen specimen preparation 

technique maintained the purple membranes in an ordered state did not 

prove that specimen hydration was indeed maintained. It seemed possible 

that the presence of the overlying fatty icid film mimicked the close 

apposition of other membranes, thus approximating the conditions of drying 

in bulk, which are known to maintain purple membrane in an ordered state. 

Of course, for the purpose of the orientation determination, all that was 

required was that the membrane be ordered. But if this method of frozen 

specimen preparation were to be more generally useful, specimen hydration 

wojld have to be maintained long enough for the grid to be frozen. The 

following two experiments strongly suggest that the Ca-stearate film does 

indeed maintain the specimen in a hydrated state. 

In the first experiment, purple membranes '"ere adsorbed to the 

polylysine at pH 7.4, and withdrawn through the Ca-stearate film as 

described previously. However, instead of being frozen immediately, they 

were allowed to air dry for over an hour. A grid was then removed from 

the coverslip, ^rozen, and introduced onto the cold state. Some of the 

membrane patches still diffracted, as shown in Fig. S. In this case 
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XBB 789-12256 

Fig. 5. Selected-area diffraction pattern from purple membrane 
patch air-dried for one hour after coating with Ca-stearate. 
The unit cell dimensions have shrunk by 1.5% with respect 
to the hexagonal Ca-stearate diffraction spots. 
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blackening due to the diffract 

the pattern was recorded on SO-163 film instead of NTB-2 plates, so the 

ion spots is weaker. When the unit cell 

dimensions were measured, using the hexagonal stearate diffraction spots 

as an internal standard, it wis found that the purple membrane cell 

dimension had shrunk by ~1.5 -|2%. Just such a shrinkage has been observed 
i 

in x-ray diffraction patterns! between hydrated purple membranes and 

membranes air-dried in bulk. • Furthermore, assuming a Ca-stearate fatty 

acyl chain spacing of ~4.2A" ^confirmed by ca.Ubration against the gold 

diffraction ring recorded simultaneously when using grids with gold-coated 

holey films), the membranes fcrozen immediately upon withdrawal through 

the film had a unit cell dimension of ~62.5A, while those air-dried for 

one hour had a unit cell dimension of —61.4A*. Again these observations 

agree well with values obtained for hydrated and dry membranes as measured 

by x-ray diffraction. It thus appears that if the specimen is frozen soon 

after withdrawal through tiie film, it is still in a hydrated condition, 

and that if it is allowedfto air-dry, the water of hydration evaporates 

slowly enough through thej film for specimen order to be maintained, 

A more definitive test for specimen hydration seemed to be to use 

catalase r.s a test specimen. Catalase is known to be highly sensitive 

to loss of hydration, losing all semblance of order when hydration drops 

below -95% [Longley, 1967]. Unfortunately, catalase crystals tend to 

have a thickness of from 400X to >1000^, and thus were not ideal for the 

Ca-stearate fill" method, since breaks of the thin film at crystal edges 

were quite likely. The method was, however, found to preserve specimen 

hydration in some of the catalase crystals. Catalase was recrystallized 
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according to a modification of the method of Sumner and Dounce [1955] 

communicated by Dorset [personal communication]. Specimen preparation 

was as described for purple membrane, except that crystals were applied 

in distilled water, and were not rinsed off as thoroughly as were the 

membranes. Figure 6 shows one of the resulting diffraction patterns 

extending to -~4.2A. The spots are smeared together somewhat, suggesting 

partial disordering. This disordering could have been due to some 

partial drying due to breaks in the stearate film, or to the introduction 

of the crystals into the high pH subphase. In any case, the specimen 

preparation method clearly maintains most, if not all, of the water of 

hydration. It should therefore be useful for preparing most thin 

specimens in the frozen-hydrated state for electron microscopy. 

D. Relating Diffraction Orientation to Structure Orientation 

In order to find the orientation of the molecular structure of 

bacteriorhodopsin with respect to the inside and outside of the cell, it 

was next necessary to determine the appearance of the projected structure 

which is equivalent to the right-handed diffraction pattern. To accomplish 

this, the purple membrane structure determination of Unwin and Henderson 

[1975] was duplicated, using glucose-embedded purple membrane. Glucose-

embedded membranes were used because imaging was carried out on the 

standard room temperature specimen stage. Furthermore, since the 

handedness of each imaged patch was evident from the optical diffraction 

pattern, it was not necessary for the patches to be oriented; thus 

polylysine was not required and preservation of specimen order by glucose 

embedding became possible. Finally, the distribution of diffraction 
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XBB 789-12626 
Fig. 6. Selected-area electron diffraction pattern of a Ca-stearate-

coated catalase crystal. The pattern extends to ~4 A. The 
two spotty rings are due to diffraction from small ice 
crystals contaminating the specimen surface. 
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intensities obtained from stearate-coated membranes was not visibly 

different from those obtained from glucose embedded membranes, so that 

a direct comparison of handedness could be made. 

The diffraction amplitudes were measured by scanning a diffraction 

pattern of glucose embedded purple membrane, recorded at low temperatures 

on an NTB-2 plate with —2 electrons/A , with a Joyce-Loebl scanning micro-

densitometer. The pattern that was used is shown in Fig. 7. The micro-

densitometer aperture size was 300 yon x 300 um, which was larger than the 

largest spot. A set of typical traces is shown in Fig. 8. The peak heights 

of the diffraction spots were calibrated to intensities by the following 

procedure. A carbon film slightly thicker than that used for recording the 

diffraction pattern was inserted into the microscope, and the same field-

limiting aperture that was used to record the purple membrane diffraction 

pattern was inserted. The exposure rate at the specimen was set to a very 

low value by using a highly excited CI and C2 lens, and a small C2 aperture. 

The central beam of the diffraction pattern of the carbon film was 

recorded on an NTB-2 plate for successively longer times. Between each 

exposure, the spot was moved by translating the intermediate lens. The 

result was a row of spots on the plate corresponding to intensities 

ranging from 10" 6 to S xlO"1* electrons/A Con the specimen). These 

intensities spanned most of the intensity values in the purple membrane 

diffraction pattern. The same procedure was repeated using plates tuat 

had been exposed previously to differing uniform electron exposures, to 

simulate the differing levels of inelastic scattering background in the 

diffraction pattern. Figure 9 shows a typical scan of such a row, along 

with a plot of the intensity versus the peak height. This plot shows 
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XBB 789-12343 
Fig. 7. Selected-area electron diffraction pattern of purple membrane 

that was used for scanning for intensities. 



Fig. 8. Some typical traces of the scanned electron diffraction pattern. 
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Fig. 9. Typical scan of a row of diffraction spots used for intensity 
calibration, along with the graph of peak height vs. intensity. 
The straight line has the same initial slope as the curve, and shows 
where the peak height ceases to vary linearly with the intensity. 
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the effect of diffraction spot saturation, resulting in the deviation 

from linearity at high intensity. It also showr, the effect of the 

inelastic scattering folded around the diffraction spot, which results 

in the fact that the peak height never reaches a constant value. The 

use of such curves with different background levels made it possible to 

determine the intensities from the single diffraction pattern (shown in 

Fig. 7) to ~sA resolution, even though some of the spots were saturated. 

The intensities were then averaged over six reflections (three symmetry-

related reflections and their Friedel partners), and the amplitudes were 

calculated by taking the square roots. 

The phases of the diffraction spots were determined by low dose 

imaging [Unwin and Henderson, 1975]. Glucose-embedded purple membranes 

were imaged at room temperature using a modified version of the method 

of Williams and Fisher [1970]. Die grid was scanned at a low exposure 

rate (~1 e'/K /min) with a defocused diffraction spot and a 20-ym C2 

aperture. When a specimen was located, it was placed at the center of 

the screen and the beam was deflected off of the specimen. The beam was 

condensed to crossover and then control was switched to the alternate 

(dark field) deflection coils. These were set so that at S0,000x magnifi

cation the condensed beam would be focused on a second fluorescent screen 

mounted in front of the standard one. The condenser aperture was changed 

to a 120 urn one, with care taken not to let the beam spot sweep across 

the area of the specimen where the object of interest was located. 

Focusing was then accomplished on the front screen, and the specimen 

drift was allowed to settle down. The specimen was then exposed by 

inserting a plate in the camera, raising the shutter, and spreading the 
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beam by a prefixed amount for a prefixed time. The latter was accomplished 
by an electronic device that applied a variable external current to the 
C2 lens. Exposures of ~0.4 sec resulted in a total dose of ~3 electrons/ft 
on the specimen. A high dose image of ~35 e"/X was then recorded in 
order to determine the contrast transfer function. Low dose images were 
recorded on NTB-2 plates or NTB-3 plates, which were developed for 20 
minutes in D19. High dose images were recorded on SO-163 film which was 
developed for 5-9 minutes in D19. 

Images were screened for further processing by optical diffraction. 
Figure 10 shows the optical diffraction pattern of a low dose image as well 
as that of its corresponding high dose image. The crystalline diffraction 
pattern in Fig. 10A extends visually to ~8.8A\ and can be seen to be taken 
from an image of two membranes, one overlapping the other. Figure 11 is 
another optical diffraction pattern of an image that was recorded at a 
lower defoc.r. value. The different effect of the contrast-transfer func
tion is evident. This pattern also shows the effect of a common problem 
inherent in the low dose imaging method. The pattern is stronger is one 
direction and attenuated in the other direction. This effect will be 
discussed in a later section. Suffice it to say here that, although this 
effect is not limiting at lk resolution, it can be expected to be a 
problem when higher resolution is sought. 

Image processing was carried out in a manner similar to that used 
by Unwin and Henderson [1975j. Images containing high resolution information 
were scanned on a PDS flat bed scanning microdensitometer. The number of 
sampled points in the scans was 2200 ><1800, with a spot size of 10 um x 10 urn, 
and a step size of 10 um. At 50,000x magnification on the original image, 
this corresponds to 2A in the object space. 
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Fig. 10. Optical diffraction patterns from images of glucose-embedded purple membrane. 
A. From low-dose image; spots corresponding to two purple membrane lattices are present. 
B. From high-dose image; purple membrane spots are no longer present due to radiation 

damage. Rings are due to the contrast transfer function. From the positions of 
the minima the defocus was found to be ~9300 X. 

XBB 789-12258 
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Fig. 11. Optical diffraction patterns from images of glucose-embedded purple membrane. 
A. From low-dose image. Some directional instability is evident in the seventh order 

lattice row. 
B. From high-dose image. The same instability is visible. In the vertical direction 

the zones of contrast transfer extend past 4.5 A. The defocus was found to be~3000 A. 
XBB 789-12345 
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All data processing was carried out with the help of Mr. D. Grano using 

software written by him [Grano, 1978]. The array of optical densities 

was 4 x 4 averaged, and Fourier transformed by means of the Fast Fourier 

Transform (FFT) algorithm. The output of this transform was displayed 

graphically so that some of the strong diffraction spots at lower 

resolution could be located. The positions of these spots were then 

fitted to a lattice by a least-squares procedure. The resulting lattice 

point locations were used in a program that performed a hybrid Fourier 

transform [Unwin and Henderson, 1975] en the original finely sampled data. 

The output consisted of 7 x7 blocks of amplitudes and phases. Figure 12 

shows an example of some of the output blocks. These blocks were used 

to locate the strong reflections accurately, and these locations were 

again fitted to a lattice by a least-squares procedure. This lattice 

locating procedure was repeated until the positions of the least-squares 

lattice points shifted less than one data point. All amplitude peaks 

within one data point of these lattice locations were noted, along with 

the corresponding phases. These phases vere then refined by a search for 

one of the three-fold symmetry axes as a phase origin, such that the 

differences between the phases of three-fold related reflections was 

minimized. The phases so determined were three-fold averaged and inverted, 

if necessary, to account for the contrast-transfer function. Finally, 

phases were averaged among micrographs. The root mean square deviation 

of phases from the three-fold averages was 13°. 

Figure '3 is the projected structure of the membrane which was 

synthesized using electron diffraction pattern amplitudes and phases 

determined from low dose images. The presumed protein monomers have been 
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SCALE= .1E-02 MIDDLE=(1197 
AMPLITUDES 

80 130 76 152 22 74 95 

43 95 81 61 30 101 22 

78 76 137 33 62 30 56 

74 140 2 7 ^ 1 1 5 110 103 

40 12 88 34 97 197 38 

15 27 69 64 65 44 158 

48 112 115 150 59 86 44 

SCALE= .1E-02 HID0LE=( 831. 
AMPLITUDES 

45 75 62 30 82 53 95 

101 75 12 33 51 32 26 

75 60 61 34 21 51 62 

46 53 52({f3) 34 196 95 

59 109 9 27 87 34 45 

104 58 129 12 43 39 78 

28 83 52 75 23 70 100 

SCALE= .1E-02 MIDDLE=(1047, 
AMPLITUDES 

107 87 66 126 13 139 79 

72 71 126 30 103 128 109 

123 78 128 67 77 69 126 

162 80 5 6 ( 5 ^ ) 39 64 127 

13 112 88 77 60 53 15 

79 88 82 183 58 72 101 

57 109 87 69 37 123 23 

Fig. 12. Output blocks for the 
r e f l e c t i o n s , a l l of wl 
Peaks in the amplitude 

,1009). HK=( 3, 0). 
PHASES 

232 50 63 108 317 150 336 
333 126 209 199 273 330 234 
321 315 165 64 103 138 226 
359 300 123 93 72 265 190 
326 355 90 355 318 35 252 
299 288 23 59 84 207 89 
301 66 120 50 261 122 199 

, 978). HK=( -3, 3). 
PHASES 

79 256 148 313 289 230 34 
289 302 129 326 353 244 192 

323 240 353 47 55 301 249 
319 94 42 115 57 270 339 
34 333 205 357 42 274 2 
193 356 32 108 275 273 39 
90 281 248 220 99 318 174 

716). HK=( 0, -3). 
PHASES 

252 252 145 17 15 343 197 

74 348 89 197 76 60 331 

320 215 221 1 214 126 271 

223 229 50 24 112 311 140 

190 149 25 357 90 301 215 

299 348 344 261 218 286 133 

335 265 156 162 24 253 188 

XBL789-3547 
( 3 , 0 ) , ( -3 ,3 ) , and (0,-3) 

lich are symmetry r e l a t e d . 
: blocks are c i r c l ed . 
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XBL789-3546 
Fig. 13. Projected structure of the purple membrane to 7.1 & resolution. 

Four unit cells are shown. This projection corresponds to 
the "right-handed" diffraction pattern, and thus to viewing 
the membrane from the cytoplasmic side. Presumed monomers 
have been outlined in one unit cell to emphasize the handedness 
of the structure. 
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outlined to emphasize the handedness. Within each monomer can be seen 
the three circles of high potential thought to be alpha helices viewed 
end on, and the smear of high potential thought to be four helices 
fanning outwards towards the observer. The handedness of this structure 
corresponds to the right-handed diffraction pattern and thus to viewing 
the membrane from the cytoplasmic side, as shown in the previous section. 
It was therefore found that the alpha helices fan outwards toward the 
cytoplasmic side of the membrane. A schematic drawing of the three-
dimensional model of a monomer obtained by Henderson and Unwin [1975] is 
shown in Fig. 14, with the cytoplasmic and extracellular sides of the 
membrane labeled. This orientation is the same as that determined by 
Henderson et al [1978] in a recent study using biochemical labeling 
coupled with electron diffraction and freeze fracture electron microscopy. 
Agreement between the results of these two quite different experiments 
is further indication that the result is the correct one. 
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EXTRACELLULAR SIDE 

XBL 783-7782 

Fig. 14. Schematic drawing of the three-dimensional structures of 
the bacteriorhodopsin molecule, with the cytoplasmic 
and extracellular sides labeled. 
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III. THE EFFECT OF LOW TEMPERATURE ON ELECTRON BEAM-INDUCED 
RADIATION DAMAGE OF PURPLE MEMBRANE 

A. Definition of CTitical Dose and Optimum Imaging Dose 

Radiation damage, which is a severely limiting factor in high 
resolution electron imaging of biological specimens, is generally measured 
in terms of the specimen's "critical dose." The critical dose for damage 
to crystalline biological specimens has been defined as the electron 
exposure that causes complete fading of high resolution diffraction spots 
[see e.g., Taylor and Glaeser, 1976], and as the electron exposure that 
results in the fading of spots, at the resolution of interest, to 1/e of 
their initial intensity [Unwin and Henderson, 1975J. Both of these 
definitions have drawbacks. Use of the former definition will result in 
a number that depends upon the sensitivity of the recording medium, since 
a spot may still be detectable on, e.g., sensitive x-ray film after a 
dose sufficient to render it undetectable on an EM plate. Thus the 
measured critical dose of a particular specimen using x-ray film would 
be substantially greater than that measured using EM plates. The latter 
definition does not suffer from this problem, since the 1/e value should 
be independent of the recording medium, as long as the diffraction spots 
are not saturated, which would result in inaccurate intensity measurements. 
But it does have the drawback that it contains the implicit assumption 
that the diffraction intensities are an exponentially decreasing function 
of electron dose. This assumption clearly does not hold in the case of 
the (2,6) reflection of glucose-embedded catalase fUnwin and Henderson, 
1975]. However, it does seem to be valid, at least within experimental 
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accuracy, for the purple membrane [Unwin and Henderson, 1975; and this 
thesis] and for copper phthalocyanine crystals [Clark et al.,1978]. In 
these cases, the monotonic fading of diffraction intensities seems to 
suggest that no systematic rearrangement of the structure is taking place, 
but rather that the structure is being randomly "obliterated" or rendered 
amorphous by the inelastic electron scattering events. In the case where 
the experimental data do seem to follow an exponential decay law, the 
critical dose defined in terms of the fading of intensities by a factor 
of 1/e can be shown to be related to the optimum dose for imaging to a 
given resolution. Such a relationship uepends implicitly on the assumption 
that the damage is indeed random, and thus that the phases of fading 
reflections do not change substantially. 

Imaging of a crystalline specimen can be said to have been achieved 
to a given resolution g when all spots of non-negligible intensity on the 
reciprocal lattice can be detected in the optical or computed Fourier 
transform of the image up to that resolution. There are three basic 
sources of noise in this Fourier transform that can prevent detection 
of a spot: 1) the statistical variation in the positions of the recorded 
electron events, or "shot-noise," 2) the inelastic and diffuse scattering 
from the specimen, the support film, and the specimen-embedding medium, 
or "object noise," and 3) fog in the emulsion, or "detector noise." The 
dominant of these three at low specimen electron exposures will be the 
electron shot noise, as long as the photographic emulsion is reasonably 
well blackened. It is therefore reasonable to neglect the latter two to 
a first approximation. In this case the standard deviation of the noise 
contribution to the squared modulus of the Fourier transform of the image 
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at the spatial resolution g is given by (see Appendix A) 

S.D.{|F[n(?)](s)|2} = fAN (S) 

where f is the plate collection efficiency, A is the image area, and 
N is the total electron dose. 

The "signal," or the contribution of the electrons scattered 
elastically by the periodic specimen, at that resolution is given by 
(see Appendix B) 

4 f V N # ) [l - e - N / 2 N e ^ ] 2 *|(0) sin 2
Y(|) E*(g> (6) 

where N (g) is the dose that results in fading of the gth reflection to 
1/e of its initial value, $ (g) is the "electron structure factor" before 
damage has occurred, sinY(g) is the contrast transfer function, and E(s) 
is the envelope function due to partial coherence and instrumental 
instabilities. 

Since the signal and noise terms in the Fourier transform of the 
image (see Appendix A) have random phase with respect to each other, they 
add in quadrature on average. Thus any criterion for detectability of 
the signal above the noise should require that the ratio of the squared 
modulus of the signal term to the standard deviation of the squared 
modulus of the noise term should be greater than some number, usually 
chosen to minimize the chances of "false alarms" [Rose, 1972]. This 

ratio is given by Rj(N)• 
A , 2 f -N/2Ne(gn' 

Rj(N) = 4fA^(0)N2(g) I 1 ' e L sin2
Y(g")E!(f) 

8 g N 
(7) 



This ratio, normalized to Rj(N e) is plotted in Fig. IS. It is 

clear from the figure that the maximum of Rj(N) varies rather slowly 

from N. to >6N_. The exposure at which R-c(N) is maximum, which is the e e g 
optimum imaging exposure, is found by setting the derivative dR+(N)/dN = 0: 

.1- -N/2Ne(g)T -N/2Ne(g) r -N/2N (g)-|2 U - e Je = Ll - e J 
N N s(g) 

(8) 

exp[N/2N e(g)] = 1 * N/NeCg) . (9) 

This equation can be solved graphically to y ie ld 

N o p t ( g ) = 2.51 N e (g) . CIO) 

Thus when all sources of noise other than quantum fluctuation are ignored, 

N is proportional to N e, the "1/e dose." 

The effects of object and detector noise will be to lower the ratio 

R*(N) somewhat, and thus make the signal less detectable. This will also 

destroy the direct proportionality between N .(g) and N (g) and cause 

the function R*(N) to be somewhat more peaked. If the value of N for the 

fastest fading reflection is very low, then the detector noise will shift 

the maximum of R-»(N) above 2.5 N e, while if the fastest fading reflection 

is fainy radiation resistant, the object noise will shift the maximum 

below 2.5 N e. The above derivation does indicate, however, that it is 

desirable to record images with a total electron exposure substantially 

greater than N e(g). This is exactly what was done in Section II.D above. 

Although the lowest value of N e for all purple membrane reflections out 
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XBL786-II65 
Fig. 15. The "signal-to-noise" ratio of the g t h reflection as a 

function of total exposure, for the case in which the only 
source of roise is the quantum fluctuation in the electron 
events. The exposure has been scaled to the 1/e exposure, 
and the signal-to-noise ratio has been normalized to the 
ratio at N » N . 
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to ~7& is approximately 1 electron/ft at room temperature (see Section 
III.B below), low dose images were recorded with ~3 electrons/X2. 

B. The Critical Dose of Purple Membrane at Low Temperature 

It is intuitively obvious that any chemical or physical means that 
increases the value of NeCg) will result in greater detectability of the 
signal above the noise. If we substitute 2.S N for N into the expression 
(Eq.(7)) for R*(N) above, we see that increasing N e by a given amount will 
result in an increase of a like amount in the signal-to-noise ratio. 
One method that has been shown to increase the critical dose of glucose-
embedded catalase by a factor of three is the maintenance of the specimen 
at —120°C on a liquid nitrogen-cooled stage [Taylor and Glaeser, 1976]. 
The effect of low temperature on the critical dose of the purple membrane 
was investigated in order to see if a similar beneficial effect would be 
observed. 

Electron diffraction powder patterns of large,thick areas of purple 
membrane patches were recorded on Kodak EM plates. Several patterns were 
recorded at timed intervals from the same area, resulting in patterns of 
slowly decreasing intensity. Figures 16a and 16b are montages of typical 
series of patterns obtained at room temperature and -120°C respectively. 
The midpoint doses are shown in the figures in electrons/S . The decrease 
in the rate of fading at -120°C is quite evident. Both patterns extend 
initially to approximately resolution. 

Several such series of patterns were scanned on a Joyce-Loebl 
scanning microdensitometer. The scanning aperture was narrow in the 
scanning direction, and wide perpendicular to the scan. Care was taken 
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Fig. 16. Montages of powder patterns showing the fading of diffraction from purple membranes 
as a function of dose in electrons/A . CA) At room temperature; three of the rings 
have been indexed. (B) At ~-120°C, the scale is identical to CA). 

XBB 787-8796 
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to scan all patterns in the same direction through the center of the 
pattern. Figure 17 shows some typical scans. The diffraction peaks 
were indexed on a p3 lattice with the understanding that the (h,k) ring 
was actually formed by the superposition of the (h,k) and (k,h) reflections. 

After the background had been subtracted, the areas under the peaks 
were determined. Figure 18 is a plot of the intensities of the (4,3) ring. 
The straight lines were fitted to the data points by a least-squares proced
ure. The values of N for each ring were determined from the slope of the 
straight line. These values of N are listed in Table 1. From these values 
one can calculate that N g for these reflections is increased by an average 
of 6.6 times when the specimen is at low temperature. 

As can be seen in Table 1, the average percentage error for the 
values of N at -120°C is approximately twice that for N at room tempera
ture. Although there could actually be some variation in the low tempera
ture value due to the presence of different amounts of glucose (see 
discussion below), the extra error may simply be due to the fact that 
the low temperature patterns were spotty rather than smooth, 
well-averaged rings, with the result that any slight errors in 
misalignment in the scanning densitometer could result in a large 
percentage error in N e, especially since the critical dose for the (h,k) 
reflection could be different from that for the (k,h) reflection. Some 
of the other sources of error, such as fluctuations in field emission gun 
brightness and specimen drift over the long exposure times, could also 
affect the low temperature data more, since the total exposure times were 
much longer due to the use of the same exposure rate. 
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XBL782-2643 
Fig. 17. Typical scans of electron diffraction powder patterns 

of purple membrane. ; 

Ca) At room temperature, O.S electrons/A . 
(b) At room temperature, 2.75 electrons/A'. 
(c) At -120*C, 0.5 electrons/A2. 
(d) At -120*C, 2.50 electrons/A2. 
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XBL 786-1184 
Fig. 18. Plots of the intensity of the (4,3) diffraction rinc of purple 

membrane at room temperature and at -120*C. The straight lines 
were fit to the data points by a least-squares procedure. 
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TABLE 1. 
Critical dose, N e, of selected reflections of purple membrane at 
room temperature and at -120°C, and the improvement in radiation 
resistance at -120°, determined by recording electron diffraction 
ring patterns on EM plates. 

N«U4 <e~/AZ) NeC-120°] 
N (22°) temperature c 

(4,1) 11.7 1.7 ±0.3 11.8 ±5.4 6.9 ±3.4 

(5,0) 10.7 l .S ±0.2 10.8 ±4.4 7.2 ±3 .1 

(4,2) 10.1 1.6 ±0.2 1 0 . 3 + 2 . 1 6.4 ±1.5 

(5,1) 9.6 2 . 2 + 0 . 3 10.7 ±1 .3 4.9 ±0 .9 

(4,3) 8.8 1 .3±0 .1 10 ± 3.6 7.7 +2.8 

(7,0) (5 , 3) 7.7 1.3 ±0.2 8.4 ±7.6 6.5 ±2 .2 

B r a ? B N (e-/K2, spacing e l ' 
(h,k) (A) room 

temperature 
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The reflections whose critical doses were of the most interest were 

at higher resolution where the diffraction pattern is weaker. To record 

these reflections, similar series of diffraction patterns were recorded 

on NTB-2 plates, which are much more sensitive than EM plates. Figures 

19a and 19b are montages of two such series recorded at room temperature 

and -120°C respectively. These patterns extend past 3.5 K, which is 

the resolution limit of rings recorded by x-ray diffraction [Henderson, 

1975; Blaurock, 1975]. Several such series of patterns were scanned in 

the same manner as were the patterns recorded on EM plates. The resulting 

values of N for some of the stronger reflections are listed in Table 2. 

At room temperature, many of the reflections faded so rapidly that they 

could not be detected in the sjcond scan. In these cases an upper limit 

was set on N by the noise level of the scan. The critical dose at low e ' 
temperature showed no systematic variation with resolution for these 

reflections; it was fairly constant, at approximately 3 to 5 electrons/A2, 

for the high resolution reflections. Presumably these reflections arise 

from the actual atomic packing arrangement, and should all decay at 

approximately the same rate. Since for high resolution imaging, these 

fast fading reflections will clearly be the limiting factor, one can say 

that the increase in the optimal dose for imaging purple membrane to high 

resolution is increased by a factor of approximately five by the use of 

low temperatures. This increase means that higher resolution reflections 

should have a much increased detectability in Fourier transforms of images 

recorded at low temperature. It thus seems worthwhile to attempt to 

record low dose images of purple membrane at low temperature. Such a 

goal would be possible to pursue only if the low temperature stage used for 
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Fig. 19. Montages of powder patterns showing the fading of high 
resolution diffraction from purple membranes as a function 
of dose in electrons/A. Patterns were recorded on 
NTB-2 plates. (A) Patterns recorded at room temperature. 
(B) Patterns recorded at -120°C. The (8,6) ring is 
indicated, and represents a spacing of 4.4 ?.. 



-51-

TABLE 2. 

Critical dose, N , of high resolution reflections of purple 
membrane at room temperature and at -120°C, and the improvement 
in radiation resistance at -120°, determined by recording 
electron diffraction ring patterns on NTB-2 plates. 

(h,k) 

Bragg 
spacing 

(X) 
Ne (e"/£2) 

room 
temperature 

" • M 2

t o . - ' X 1 ) 

temperature 

N e ( - 1 20° ) 
N e(22") 

(7 ,0) (5 ,3) 7.7 1 . 0 + 0 . 1 6.6 =.2.5 6.8 ±2.7 

(7,1) 7.1 1.9 ±0 .3 6.7 ±0 .9 3.5 ±0.7 

(5,4) 6.9 <0.9 >10 >11 

(7,2) 6.6 - 5 . 4 ± 1 . 8 -
(7,3) 6.0 - 10 ± 4.7 -
(8,2) . 5.9 - 5.6 ±1.5 -

(9 ,1) (6 ,S) 5.6 - 6 . 8 + 1 . 6 -
(8,6) 4.4 <0.65 3 . 0 + 0 . 4 >4 

(12,1) 4.3 - 4.3 ±1 .1 -
(13,A) 4.0 _ 5 . 0 ± 3 . 3 _ 
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recording the images were stable to high resolution. This problem will 
be dealt with in a later section. 

The reason for the decrease in radiation sensitivity of the purple 
membrane at low temperature is not at all clear. Taylor and Glaeser [1976] 
have suggested that the tenfold increase of the critical dose of frozen-
hydrated catalase over room-temperature hydrated catalase is due to the 
support provided by the ice matrix. Furthermore, they cite the threefold 
increase of the critical dose of glucose-embedded catalase at low tempera
ture over that at room temperature as evidence for the fluidity of the 
embedding glucose at room temperature. However it is doubtful that much 
of the volume of the purple membrane is taken up by water, and very little 
of the membrane lattice extends above the surface of the membrane 
[Henderson, 1975]. Therefore the only glucose and accompanying bound 
water is probably on the surface of the membrane. Even so, it is possible 
that a decrease in fluidity of the glucose on the surface would prevent 
radiolytic fragments from diffusing away from the membrane, and would 
prevent free radicals from diffusing across the surface of the membrane 
and causing further damage. One complication is that in the radiation 
damage experiments, it is not clear that the amount of glucose coating on 
the membranes was constant, since some membranes were packed several on 
top of each other. This factor may have been responsible in part for 
the large deviation in N e seen in Tables 1 and 2. 

It is also possible that the memlv.-ane itself is less fluid at low 
temperature. Although it has been shown that the bacteriorhodopsin 
molecule is constrained in its bulk notion [Razi Naqvi et al., 1973] and 
that the purple membrane lipids are also rather tightly bound [Chignell 
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and Chignell, 197S], it has not been shown that motion within the membrane 
could not decrease as the temperature is lowered. In fact, Chignell and 
Chignell have found a slight change in lipid mobility with temperature. 
According to Cooper [1976], although macromolecules appear to be quite 
rigid and compact where crystal packing is concerned, thermodynamic 
considerations require that single molecules exhibit fairly wide fluctu
ations in energy and side chain position, even in crystals, at room 
temperature. Evidence for such fluidity of single protin molecules 
includes diffusion of oxygen through proteins [e.g., Lakowicz and Weber, 
1973] and the availability of "buried" side groups to fluorescence 
quenchers [Eftink and Ghiron, 1976]. It therefor seems possible that 
the diffusion of free radicals through the purple membrane lattice, and 
the displacement of radiolytic fragments within the membrane, could be 
substantially reduced at low temperature. 

C. Benefits of the Increase of the Purple Membrane 
Critical Dose at Low Temperature 

One benefit of the increased radiation resistance of the purple 
membrane at low temperature, that of improved statistical definition (or 
detectability) of image Fourier coefficients, has already been mentioned. 
Another important advantage of low specimen temperatures is the fact that 
high resolution electron diffraction patterns can be recorded from single 
puTple membrane patches. Fig e 20 is a diffraction pattern recorded 
from a single purple membrane patch at -120"C. The pattern, which was 
recorded on an NTB-2 plate, can be seen to extend to the (16,2) reflection 
on the plate, although such high resolution reflections cannot be seen 
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XBB 787-8795 

Fig. 20. High resolution electron diffraction pattern from a single 
purple membrane patch. Reflections to 4.0 X are visible 
on the print, while reflections to 3.1 A are visible on 
the original plate. Total exposure 3.5 electrons/A . 
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upon photographic reproduction. Thrs pattern thus extends to 3.14 A, 
which is probably the resolution to which the specimen order is limited. 
The dose that the specimen received during the recording of this pattern 
was approximately 3.5 electrons/81. Thus the lower resolution reflections 
have been darkened proportionately more than the higher resolution ones 
simply because of their greater radiation resistance. In order to 
record intensities unaffected by radiation damage, it would be desirable 
to use a total exposure of only one or two electrons/A2. In fact, 
diffraction patterns extending to 3.14 X have been recorded using two 
electron/A2 exposures from single patches at -120°C on NTB-3 plates, 
which are slightly more sensitive than NTB-2 plates. These patterns do 
not reproduce well, but would be quite suitable for scanning with a 
densitometer. Although such high resolution electron diffraction patterns 
can be obtained at room temperature from large patches reconstituted with 
Triton x-100 [Unwin and Henderson, 1975], the possibility of using patterns 
so obtained for structure determination is complicated by problems of 
twinning and inversion of crystal domains. 

The routine recording of high-resolution diffraction patterns from 
single patches opens up the possibility of doing a standard high-resolution 
crystallographic structural analysis of purple membrane using isomorphous 
replacement for phase determination. Already one heavy atom derivative 
has been made [Dumont and Wiggins, 1978] using a glycyl-methionine platinum 
complex, and a collaboration is underway to determine the platinum posi
tions to high resolution. Other derivatives are being sought, and if 
they are found, they should make possible the phasing of high resolution 
reflections by standard crystallographic means. 
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IV. PROSPECTS FOR IMAGING AT HIGHER RESOLUTION 
USING LOW TEMPERATURES 

A. Fundamental Problems in High Resolution Electron Microscopy 
of Beam-Sensitive Materials 

So far, imaging of the purple membrane has been restricted to 
approximately 7 A resolution, although electron microscope imaging of 
radiation-resistant materials to resolutions higher than 3.4 A" is fairly 
commonplace. This value of 7 A has also not yet been exceeded in the 
imaging of any other materials whose sensitivity to radiation damage is 
comparable to that of the purple membrane. 

There are several reasons for this limitation, most of which are 
equally valid for most beam-sensitive specimens. Because of the fall-off 
in the electron structure factor with resolution, and because of short-
range disorder, the average intensity decreases with increasing resolution. 
Also most high-resolution reflections decay more rapidly in the electron 
beam than do lower resolution reflections. Therefore, the signal-to-noise 
ratio for an area 2 cm x 2 cm on a plate at SO,000* magnification (which 
are typical values for low dose imaging) is not high enough for the high 
resolution reflections to be detected above the noise. The grating reso
lution of the emulsion is also a factor since spatial frequencies in the 
range of 1/6 & - 1/3& are definitely degraded by this factor. The envelope 
function due to partial coherence and instrumental instabilities is another 
significant factor at high resolution. Finally, stray magnetic fields in 
the projection chamber could decrease the contrast in the image at high 
resolution, having an effect similar to that of the finite emulsion 
grating resolution. 
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The use of higher magnifications to reduce contrast degradation 
makes more severe the detrimental effect of spiral and pin-cushion 
distortion of the final projector lens. These distortions restrict the 
useful area of an image to smaller and smaller numbers of unit cells as 
the magnification is increased since the distortions are relatively 
constant in the image field over a fairly wide range of magnification. 
Another problem associated with increasing the magnification is the fact 
that the emulsion blacKe^ing decreases with the square of the magnifica
tion for a fixed specimen exposure. 

Finally, specimen or image movement introduced during the imaging 
procedure itself can reduce the signal-to-noise ratio of high resolution 
spots. Such an effect is clearly present in images taken with the present 
method of expanding the beam from cross-over to a pre-set intentity, as 
can be seen in the optical diffraction patterns in Fig. 11. It is presumed 
that heating of the specimen by the condensed beam, and subsequent cooling 
when the beam expands, is sufficient to cause specimen motion. The effect 
of this motion is clearly seen in Fig. lib, which was recorded using the 
beam-expansion technique. Other high dose images recorded after expanding 
the beam and waiting for several seconds lacked this unidirectional 
degradation. 

Although these problems are difficult to solve, some headway is 
being made toward their solution with the purple membrane as the "test" 
specimen. Work on purple membrane will proceed because of its inherent 
interest, and also because images of purple membrane have already been 
recorded at the resolution limit of 7 &. The problem of inadequate 
electron statistics will be minimized by imaging at low temperature. 
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Images will be recorded at 60,000 or 80,000x magnification to reduce the 
effects of the emulsion grating resolution. Concommitant loss of photo
graphic blackening will be prevented by the use of NTB-3 emulsions and 
by the higher exposure of 6 - 10 electrons/A possible with the low 
temperature. However, in order to include the same number of unit cells, 
it may be necessary to correct the spiral and pin-cushion distortions in 
the computer. Finally, a mechanical shutter will be built for low dose 
imaging in order for it to be possible to completely isolate the specimen 
from the electron beam before exposing the plate. This should minimize 
specimen movement due to differential heating. 

B. A New High-Resolution Cold Stage 

In the past, imaging low temperature specimens to high resolution 
was impossible because of the poor mechanical stability of cold stages. 
In order to image purple membranes at low temperature, a liquid nitrogen-
cooled stage stable to 3.5 A was designed and constructed. To further 
improve specimen stability on this cold stage, the JEOL-100B electron 
microscope into which it fits is being moved to a more stable location. 
Finally, a mechanical shutter device is being designed and built to improve 
specimen stability during the recording of low dose images. 

The design of the new cold stage was based in principle on the 
design of the JEOL-built stage which it replaces but with several 
modifications. The JEOL-built cold stage consists of a brass disc, or 
stage body, which screws onto the stage support at three points. The 
stage body has a hole in its middle which contains an insulating plastic 
ring into which is bolted the stage "arbor." This arbor is a gold-plated 
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copper ring with the hole in the center cut at a taper to accommodate 
the specimen cartridge. The arbor is cooled by a length of copper braid, 
which is soldered to the arbor and bolted to a copper cold finger that 
extends into the column from a liquid nitrogen dewar attached to the 
column. This stage requires approximately 1% hours to cool down and 
produces a sceady-state temperature of ~-120°C at the top of the cartridge. 
Its chief stability problem appeared to be a drumhead-type of motion of 
the plastic insulating disc which prevented the arbor from being rigidly 
coupled to the stage body. Vibrational input causing lack of vertical 
synchrony between the arbor and the objective lens polepiece apparently 
came from one or more of three sources: 1) ambient floor vibrations 
transmitted to the stage body, 2) vibrations of the cold finger due to 
the amplification of ambient floor vibrations by the long lever arm of 
the dewar to the column, and 3) vibrations of the cold finger due to 
boiling of the liquid nitrogen. The last of these was apparently not 
limiting at the resolutions normally achieved (7 - 14 K) since imaging at 
room temperature did not improve performance. 

The new cold stage consisted of a stainless steel stage body to 
which was bolted a plastic insulator with three short vertical posts to 
which was bolted a central, tapered arbor of gold-plated copper. Stainless 
steel was employed to reduce heat flow and to add structural rigidity. 
The plastic insulator was made from a fiberglass-embedded epoxy called 
nema-G, which has a very low coefficient of torsional strain and a low 
compressability. The geometry was such that, in order to vibrate vertically 
with respect to the stage body, the arbor would have to compress the posts 
of the insulating ring. This would require a fairly strong input force-
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Further stability was introduced by replacing the copper braid with a 

thermal conducting lead made of 40 leaves of heat-softened copper foil. 

This thermal lead had a 180° bend in direction to help absorb vibrations 

coming from the cold finger. Finally, the nitrogen dewar itself was 

cigidly attached by its base to the column to prevent it from rocking 

up and down. Figure 21 shows a picture of the cold stage. 

Images of a thin carbon film were recorded at 200,000* magnification 

w.th the ^tage at low temperature. Figu.e 22 shows such an image with the 

corresponding optical diffraction pattern. The optical pattern extends 

to 3.7 3, which is the resolution routinely achieved with the stage, even 

down to 8(1,000* magnification. Occasionally images extending to as high 

as 3.3 /i. resolution were recorded. Figure 23 is an image of graphite 

fringe^ recorded at low temperature, using a 2 second exposure. The 

optical diffraction pattern shows clearly the diffraction from the 3.44 A* 

fringes. However these fringes have a lower contrast than those normally 

recorded with the standard specimen stage, and thus show that there is 

still some residual mechanical instability limiting the cold-stage's 

performance. This small instability will hopefully be eliminated by the 

move currently being undertaken, which will place the microscope in a 

ground-floor room whose input vibrations are only 1/10 of those in the 

current location. This move should render the cold stage as stable as 

the standard one so that its resolution will be limited by the energy 

spread of the electron beam to ^3 K. 

When a thermocouple was attached to the new cold stage it was found 

to take almost three hours to reach thermal equilibrium.. Furthermore, 

the equilibrium temperature of the cartridge was only -80 oC. This poorer 
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l:ig. 21. New, high-resolution cold stage for the JE01.-100B 
electron microscope. A. specimen cartridge is nearby. 
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Fig. 23. Resolution test of the new cold stage. (A) Image of graphite recorded at -80°C with 
an electron-optical magnification of 4(10,000*. (B) Optical diffraction pattern from 
the fringes whose spacing is 3.4 A. XBB 786-6960 
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cooling capability of the stage was presumably due to two factors: the 
greater heat conductivity of the new stronger plastic insulator, and 
the lowered heat conductivity of the thermal conducting lead which had 
been made longer in order to reduce the transmission of vibrations. The 
reduced cooling capacity should have no effect on attempts to image 
purple membrane though since critical dose experiments showed no difference 
in radiation sensitivity between -120°C and -80°C 

C. Projector Lens Distortions and Their Correction 

Presently the useful area in images of crystalline objects is limited 
by field distortions, chiefly of the final projector lens [Hillier, 1946]. 
These distortions, known as spiral distortions and pincushion or barrel 
distortions, result in images which are not uniform over the entire plate 
but that rotate and change magnification with respect to the projector 
lens axis as a function of the distance from that axis. A perfect crystal 
is thus imaged into a distorted crystal whose high frequency coefficients 
are out of phase with each other over long distances on the plate. Thus 
the Fourier transform of this distorted image does not contain high 
resolution peaks. The effect can be seen in many ways. One is that 
optical diffraction patterns of purple membrane images show increasingly 
more and more spots as the diffraction mask or aperture is enlarged only 
up to a certain limiting size, which is smaller than a single purple 
membrane patch. This resolution limit is always lower than the resolution 
limit of the corresponding high dose image, even if the high dose image 
had been exposed by the same method as the low dose image. 

The spiral and pincushion/barrel distortion effects can both be 
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described mathematically [Hillier, 1946; Liebmaim, 19S2]. For spiral 

distortion (which is a field distortion limited to magnetic lenses), 

the rotational distortion distance Ap depends on the radial distance r 

of the incoming ray from the projector lens axis by 

Ap s/p - ~2 (7) 

where p is the distance of the image point from the axis. Since r « p , 

we obtain 

Ap s = K sp 3 . (8) 

Likewise, for pincushion/barrel distortion, the radial distortion 

distance Ap of an image point is proportional to the cube of the 

radius p from the axis: 

A P p - K p p 3 . (9) 

Thus due to the p dependences of the distortions, if one restricts oneself 

to a relatively small area around the axis, the distortion effect should 

be negligible, but as one includes larger and larger areas, the distortions 

should become rapidly limiting. It can be shown (see Appendix C) that at 

a magnification of 60,000*, a total distortion of approximately 23 A" from 

corner to corner would result from scanning an area 2 cm x 2 cm about the 

origin. 

If restricting the purple membrane image to include only the rela

tively undistorted area does not allow enough unit cells to be included 

in the Fourier transform.it will be necessary to correct the distortions 

before taking the Fourier transform. It is possible that thij will be 

the case even when the image is recorded with the h?gher dose allowed by 

http://transform.it
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guessed origin would then be moved and the sum of the cross-correlation 
powers calculated after a new cycle of "undistorting" using the new origin. 
This procedure would be repeated in a way designed to maximize the sum 
of the powers of the cross-correlations, thus refining the position of 
the origin. Once the origin is located, the distortion coefficients 
could be refined, and finally, a Fourier transform of a large, distortion-
corrected area should be possible. This approach, of course, assumes 
that the dominant distortions are due to the projector lens. Other 
geometrical distortions of unknown cause would certainly prevent the use 
of such large image areas by these methods. 

D. More General Use of the Cold Stage 

The construction of a high-resolution cold stage opens up the 
possibility of recording high-resolution images of frozen-hydrated 
specimens. Although imaging of frozen-hydrated specimens offers distinct 
advantages over that of glucose-embedded specimens, the mechanical 
instability of cold stages has up to this time resulted in the use of 
glucose-embedding as the principle specimen preservation method of 
unstained specimens. Unwin and Henderson f1975] have obtained images of 
glucose-embedded catalase to 9A resolution, while images of frozen, 
hydrated catalase have been limited to IA, and in practical terms, to 
1&X [Taylor, 1978; Taylor and Glaeser, 1976]. Images of frozen hydrated 
specimens have the advantage that low resolution features are easier to 
interpret compared to glucose-embedded specimens. Of the several specimens 
that have been imaged in glucose [Unwin and Henderson, 1975; Unwin, 1977; 
Henderson, Capaldi and Leigh, 1977; Crepeau et al.,1978], only the images 
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of purple membrane have been interpretable. This is due to the fact that 

most of these specimens: catalase, cytochrome oxidase, and zinc-induced 

tubulin sheets, are either simply proteins or membrane proteins that 

extend a substantial distance into solution. It is thus impossible to 

determine which parts of the structure are protein and which are glucose, 

because of the fact that hydrated glucose has a density so close to that 

of protein. Reconstructed images of purple membrane were interpretable 

because the protein does not extend out of the bilayer appreciably 

[Henderson, 1975], making it possible to interpret high potential as 

protein, and low as lipid. In the case of frozen-hydrated specimens, 

on the other hand, images to virtually any resolution should be interpret

able, since ice has a coulomb potential quite different from both protein 

and lipid. For example, although images of catalase have been reconstructed 

to only 16 X resolution [Taylor, 1978], it is clear that the areas of high 

potential are protein, whereas the low potential areas are ice channels. 

Since the high resolution cold stage described above was found to 

reach an equilibrium temperature of only -80°C, there was some concern 

that ice crystal damage and sublimation would cause disordering that was 

not found at -120°C with the JEOL cold state. It should be possible to 

minimize sublimation by using the "frozen sandwich" specimen preparation 

method [Taylor and Glaeser, 1976], or by using the Ca-stearate method 

described in Section Ii of this thesis. In order to determine whether 

ice crystal damage upon warming to -80°C would limit resolution in frozen 

hydrated specimens, sandwiched specimens of frozen hydrated catalase 

crystals were prepared and observed by diffraction on the new cold stage. 

Apparently the catalase crystals suffered no ice crystal damage upon 
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V . SUMMARY AND CONCLUSIONS 

A new method of preparing frozen-hydrated specimens for electron 
microscopy has been developed. This method has made possible the recording 
of selected area electron diffraction patterns from purple membranes 
oriented preferentialy by adsorption to polylysine. Diffraction pattern 
handedness has been related to the structure of the purple membranes by 
high resolution imaging of glucose-embedded membranes. From this study, 
it was found that the alpha-helices fan out toward the cytoplasmic side 
of the membrane. 

The optimum dose for imaging a beam-sensitive, crystalline object 
such as the purple membrane has been shown to be equal to 2*j times the 
critical dose. Here the critical dose is defined as the dose required 
to reduce the diffracted intensity to 1/e of its initial value. This 
relation only holds when the dominant source of image noise is the statis
tical fluctuation in the positions of the recorded electron events. 

The critical dose for electron beam-induced radiation damage to the 
purple membrane at high resolution was found to be increased by a factor 
of five when the specimen temperature was decreased to -120°C. In order 
to image the purple membrane at low temperature, a high resolution cold 
stage was constructed for the JEOL-100B electron microscope. This stage 
should make possible the recording of images that extend to a resolution 
higher than 7 A. 

The time when high resolution structure determination by electron 
microscopy will become a routine technique is rapidly approaching. The 
use of low specimen temperatures, coupled with recently developed methods 
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of specimen preservation should play an important role in this. A further 
important development will be the two-dimensional crystallization of 
purified intrinsic proteins reconstituted into lipid bilayers. Such 
future achievements can be compared to the three-dimensional crystalliza
tion of soluble proteins, which made structure determination by x-ray 
crystallography possible. Just as x-ray crystallographic structure 
determination has led to an understanding of structural principles 
important for the functioning of water-soluble proteins, so electron 
microscopic structure determination should lead to an understanding of 
structural principles important for the large class of intrinsic membrane 
proteins. Such principles of membrane protein structure have only just 
begun to emerge through a knowledge of the structure of the purple membrane. 
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APPENDIX A 
Derivation of the Standard Deviation of the 

Shot Noise Power Spectrum 

The image formed by electrons chat have been elastically scattered 
from a crystalline weak phase object (such as the purple membrane), will 
be represented by an integral of "instantaneous images," I(r,N), multi
plied by a sampling function S which represents the stochastic realization 
of an "ideal" image: 

r 
IW = L * N I dN I(r",N)J S(?;n,A .A) (1) 

N i 
Here N is the ^cumulated electron dose at the specimen in electrons/A1 , 
N, and N. are the doses at the end and the beginning of the photographic 
exposure, respectively, n is the total number of electron events in the 
image area A, and 

I(r,N) = 1 - 2^**(N) cos(2irg- T + Z) * F'^sinvfs) E(s)] (2) 

where $ 4(N) is the amplitude of the diffracted beam at the spatial 
g 

frequency g at the dose N, £* xs the "structural phase" at g, Y(s) 
g 

is the phase shift due to spherical aberration and defocus given by 

' ( * 
v(s) . 2,lJSi!!l.^l) , ( 3, 

and E(s) is the envelope function due to partial spatial and temporal 
coherence as well as to instrumental focus instabilities [Frank, 1973; 
Hanszen and Trepte, 1971a,b]. The function S(r;n,A) is a sampling 
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function due to the discreteness of the electron-emulsion interaction. 
If the function S(r;t],A) is generated by a random array of delta 
functions, it will be of the form 

n 
S(r") = £ <S(r~-r\) 00 

i=l 

Such a function will have the following properties [see e.g., Champeney, 
1973]: 

a) S(r) = n/A + n(r), where n(r) represent 5 the fluctuations 
of s about the average value n/A. Thus /n(r)dr = 0, where 
the integral extends over the area A. (S) 

b) F[S(r)](0) = n, n large, and (6) 

c) < |F[n(?)] | 2 Cs)> = n, tfO, n large , (7) 

where F represents the Fourier transform. 

Furthermore, the variance of | F [ n ( r ) ] | i s equal to n 2 for p large. 

This can be shown in the following way [Chen, personal communication]: 

n it-tf-t) 
F[S(r)] = 2 ^ e (8) 

i=l 

" is-cJ-r^l | F [ S ( ? ) ] | 2 S e \\ke J 

i J i j 
(9) 

< |F[S(r")]| 2> = n for n large and s^O CIO) 

which i s jus t (7 ) . 



v a r i a n c e ) | F [ S ( ? ) ] | 2 } = <{ |F[S(?)] | 2 | 2 > - <|F[S(?)] | 2 >2 (11) 

The second term in (11) i s j u s t the square of (7) , or n 2 (for n l a r g e ) . 

The f i r s t term i_*:ii be evaluated as follows: 

+ t i is*(r.-r.+rt-r.) 
j |F[S(?)]| 2} 2 - HI! - 1 J * * . (12) 

i j k l 

If we consider only s j*0, the average resultant of (12) is zero unless 

r. = r. and r, = r 0 or r. - r„ and r.= r, , in which cast it is one. i ] V S . i d J k 
There are 2ri2 such termr. However, since the case r. = r. = r. = r 
is counted twice 1,1 this analysis, we must subtract n such cases. So, 

{|F[S(?)]|2[2> = 2n 2 - n . s / 0 (13) 

and finally, 

variancej|lF[S(r")]|2| = 2 n 2 - n - n 2 = n 2 - n * n 2 (14) 

for n large. Since this result is only valid for s ?0, we replace 
S(r) by n(r): 

variance {|F(n(r)] | } = n 2 , ti large (15) 

and the proof is complete. 

The finite width of the point spread function of the photographic 
emulsion will have the effect of multiplying the "white noise spectrum" 
given by (10) by an envelope function whose half width is inversely 
proportional to fie half width of the point spread function. However, 
the power spectrum of the "signal" will be multiplied by the same 
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envelope function. The s ignal- to-noise ratio at any given frequency 

w i l l thus lot be affected by this envelope function, and so th i s effect 

of f i n i t e emulsion resolution w i l l be suppressed. 

The Fourier transform of the stochastical ly sampled image intens i ty 

w i l l thus be 

N f 

F[IC?)1(S) = {«(?) - [N-TN7 / £ WO e 1 * 6C?-gJdNJ[ 
\ . ? 

* [siny(g) -E(g}] * {n«Cs) * F [n(r ) ] ( s } ) (16) 

Since |0^(N)| is assumed « 1 (weak phase object) and for n large, 

this simplifies to 

F|l(r)f(s) = r,6(?) - NJTNT j 5 {*|M e' 

sinY(g)E(g)S(s-|)|dN • F[n(r)](s*j (17) 

We interpret the three terms on *. . RHS of Eq. (17) as representing, 
respectively, (a) the average intensity in the recorded image, (b) the 
recorded "signal", and (c) the "shot, noise" which is due to the stochastic 
distribution of the finite sample of electrons in the image area A. 

The standard deviation of the squared modulus of the noise term 
is, from Eqs. (14) and (17), 

S.D. j|F[n(r)](s)|2f = T| . H large . (18) 

I f we assume that a fraction f of the electrons incident on the specimen 
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are recorded as events on the photographic emulsion, then 

r, = fAN (19) 

and we have the result required in Section III.A of the text, Eq. (S). 
Since the noise term of (17) is due to a random process, its phase 

at the spatial frequency g will be random with respect to E,-±, the phase 
of the signal. The phase difference between the second and third terras 
will thus be 90° on the average, and the signal and noise will add in 
quadrature on the average. This is the rationale for considering the 
standard deviation of the squared modulus of the noise term, as shown 
in Section III.A of the text. 



APPENDIX B 
Derivation of Signal 

If the measured intensity of a diffracted beam is shown to decay 
exponentially with the accumulated exposure, we can write 

l**OT!2 = l**C0)|2exp [--Vl CD 
5 g I N e(g)J 

Here N (g) represents the "critical dose," in electrons/X2, at which 
the intensity of the diffracted beam g decays to e" of its initial 
value. Since the diffracted wave amplitude is the square root of the 
diffracted intensity, the amplitude also decays exponentially, but with 
twice the decay constant: 

*j(N) = * S(0) exp I - N 

E I 2N„(g) 
(2) 

If we assume that minimal exposure imaging techniques are used, we can 
set N. = 0 and N f = N . The second (signal) term in Eq. (17) of Appendix A 
then becomes 

. n r . * . 
g 

6(s*-g)sinYCg)E(g)f *+(0) exp ~ - dX< 
0 ' L 2Ne(I)J 

n _ -, i£ g -> -> -> .» r -N/2NeCg)1 = -2$L N e(g) e S «(g-g)sinYCg)E(g) *|(0) |_1 - e J 
g C 3' 

where the order of summation and integration has been interchanged. 
Setting n = fAn, we find that the squared modulus of the signal term at 
the spatial frequency g becomes 

2 2 2 - T - N/2N e(B)l2 , -4f'A'N;(g) *g(0) Ll - e " J sin 2
Y(g) E'(g) , (4) 

which is the result required for (6) in Section III.A of the text. 
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APPENDIX C 
Calculation of Spiral and Pincushion Distortion 

Spiral Distortion 
The spiral distortion due to the projector lens is given by 

Ap = K sp' , (1) 

where p is the distance of an image point from the len- axis, K is the 
spiral distortion coefficient, and Ap is the deviation of the image 
point from its "ideal" position in a direction perpendicular to p 
[Liebmann, 1952]. Most modern electron microscope manufacturers claim 
Ap < 3% at the edge of the plate. Figure 24 was used to measure K . 
Lines were drawn on the figure parallel to the lattice lines near the 
center and corners of the image. Points at two opposite corners were 
found whose lattice line directions coincided. These points were then 
assumed equidistant from the distortion origin, and the one-dimensional 
position of the origin was marked. This procedure was iepeated for the 
other two opposite corners and the origin was located in the second 
dimension. The origin thus found was located at a spot just below the 
center of the plate. 

The angular deviation A8 from the direction of the lattice lines 
at the origin was then measured at the farthest distance from the origin 
at was practical. The result was A8 = 2.25°, at p = 41.25 mm. Since 

Ap = p sinA9 (see Fig. 26a), Ap = 1.61 mm. Since from (1), 

K s - -Sf (2) 
S P 

i t was frmd that 

K = 2.29 x lo" 5 mm"2 . (3) 
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A value within 20% of this was found in the perpendicular direction. 
This error is not surprising since p was more limited in the second 
direction due to the plate size. Thus Ap was much smaller in this case 
(due to the p 3 dependence), and AS was thus more difficult to measure 
accurately. 

Pincushion Distortions 

The projector lens pincushion distortion is given by 

r' - r = K r 3 , (4) 

where r is the "ideal" distance of an image point from the lens axis, 
r* is the actual distance, and IC is the pincushion (or barrel) distortion 
coefficient [Liebmann, 1952]. Here r is used instead of p, to avoid 
confusion with spiral distortion notation. 

We now wish to consider the change in magnification of a small unit 
area an ideal distance r from the origin. The geometry Is shown in 
Fig. 26b. The undistorted area has width dw = rd9 and length dr. 
The distorted area has width dw' = r'd9, and length dr'. From 
Eq. (4), 

dr' = dr + 3K r 2dr = dr(l + 3K_ra) (5) 
and 

dw' = r"de = (r+Kr')d 

dw' = dw(l +K r 2) 

Thus for small areas, the radial magnification distortion should be 
three times the tangential distortion. 

(6) 



SPIRAL DISTORTION 

A/> = Ks/>3 

(a) 

PINCUSHIC / DISTORTION 

dd dr-^dw dr' 
- IV TU-dW 

7' 
r'= r + K p r 3 

(b) 

XBZ.7810-3610 

Fig. 26. Geonetry of projector lens distortions. 
(a) Spiral distortion. 
(b) Pincushion distortion. 
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Images of a carbon replica of a diffraction grating were recorded 

at 50,000* magnification with the grating in the fie Id-limiting aperture 

position. The image of the grating was moved to the center and the 

corners of the plate, and was recorded at each position. Optical 

diffraction was then performed on the images of the grating. Fortuitously, 

the lattice lines of the grating image corresponded fairly closely to the 

directions of the corner images from the center image. Thus the reflec

tions recorded by optical diffraction corresponded to radial and tangential 

spacings (assuming the distortion origin to be near the center of the 

plate). The spacings measured from the highest-resolution reflections 

of the optical diffraction patterns were found to be equal in both 

directions to within 0.1% at the center, which is expected for a square 

lattice. But at a distance of 35 mm from the center, the radial (real 

space) spacing had increased by 2.3%, while that of the tangential spacing 

had increased by only 0.74%. Thus the threefold difference in stretching 

was confirmed, and furthermore, the distortion was shown to be of the 

pincushion variety ( K > 0 ) . Equation (5) thus took the form 

dr' = dr(l • 0.023) , (7) 

so that 

3K (35mm)2 = 0.023 , (8) 

and therefore 

K = 6.26 x io"' mm"2 . (9) 

At a radial distance of 50 mm (the plate edge), the distortion should be 

K r 3 * 6 « 10"' " (s x 10)3mm • 0.75 mm. This is a 1.5% distortion, which 
P 

is the approximate claim of most manufacturers. 
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Object Distortions for Given Scanned Areas at 60,00Qx Magnification 
For an area of 2 cm x 2 cm on the plate, the distance from the center 

to the corner of the area is VTcm •» 14 mm. The rniral distortion in the 

image plane will thus be 

Ap = K sp' = 2.29 xio" 5 mm"2 x 2.83xlo 3mm 3 

= 6.48 x io" mm 

In the object plane, this corresponds to ~11 X. The distortion at the 
edge of the square will only be ~11A7(\A2~) = 3.8 X. 

The pincushion distortion will be 

r = K r 9 = 6.26 x lo"6 x 2.83 xio 3 mm P 
= 1.77 xio" 2 mm 

in the image plane, or ~3 A in the object plane. At the edge of the 2 cm 
square this distortion will be ~1 A. 

Since the two distortions are orthogonal, they add in quadrature 
and the total distortion is >/ll2 + 3 2 X = 11.4 X for the corner, or ~4 X 
for the edge. From corner to corrar, this will amount to a distortion of 
~23 A, and from one side of the square to the other, ~8 X. 
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