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Abstract 

Electron Diffraction of Protein Crystals 

by 
Minghsiu Ho 

1 

This research work concerns the use of electron dif-

fraction in the structural study of biological macromolecule 

crystals. The first part is a theoretical investigation on 

the dynamical diffraction effects due to multiple-scattering 

of electrons in the specimen. Computer simulations are per-

formed for both the dynamical Cowley-Moodie formula and the 

kinematic first Born approximation. The difference between 

the results from these two formulations are evaluated as a 

function of resolution, thickness and electron accerelating 

voltage. An "apparent temperature factor" associated with 

the dynamical diffraction effect is first reported for cry-

stals of large unit cell and large number of low atomic 

weight atoms. The domain of validity for the use of the 

kinematic interpretation of electron diffraction data is 

discussed in terms of (i) crystallographic R values (ii) 

interpretability of difference Patterson function and (iii) 
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results of multiple isomorphic replacement phasing method. 

The second part is experimental work in which an 

attempt is made to locate the C-terminal region of bac

teriorhodopsin in the difference Fourier map calculated for 

native and papain treated purple membrane. A frozen-

hydration specimen method is used in preparing both native 

and papain treated membranes. 

, ... \ -
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Chapter 1 Introduction and Born approximation 

Electron diffraction was discovered in 1927, 15 years 

after the discovery of X-ray diffraction. Today the struc-

tures of more than 200 biological macromolecules including 

proteins, t-RNAs , oligonucleotides and even viruses have 

been determined to atomic resolution through X-ray crystal

lography (see Protein Data Bank, Brookhaven National Labora-

tory). On the other hand electron diffraction has not been 

fully employed in structural studies. There are several rea

sons for this. Keeping biological specimens hydrated in 

vacuum has been a problem, inaccessibility to the diffrac-

tion data in the vicinity of the Sz axis leads to a hollow 

cone in Fourier space, and interpretation of diffraction 

data through the use of the first Born approximation (which 

is the foundation of X-ray crystallography) is not valid at 

greater thickhess. The last problem is a fundamental one and 

is the main concern of this research. Specimen hydration 

has been achieved either through the method of frozen hydra-

tion (Taylor and Glaeser 1976) or the method of glucose 

embedment (Unwin and Henderson 1975). Several attempts have 

been tried to compensate for the absence of data in the 

missing cone, and their success remains to be seen. 

1 



In spite of the above potential difficulties, the temp-

tation to use electron diffraction in structural studies is 

irresistible. The interaction between electrons and con-

~ensed material is about 100,000 stronger than that of X-

rays. This makes structural analysis possible even when the 

available specimen is a tiny one. A practical specimen for 

X-ray diffraction would be at least of the order 0.1 ~ g 

while for electron a crystal of the dimension 

l~ x l~ x 100A - (10-14 g) is perfect, implying that sheet 

or lath-like two dimensional microcrystals can be studied by 

electron diffraction. Structures of some clay minerals such 

as celadonite and kaolinite which are considerably compli-

cate for X-ray analysis have been successfully determined by 

electron diffraction (Vainshtein 1964 p. 348-350). Also the 

Z(atomic number)-dependence of scattering factor is greatly 

decreased for electrons compared to X-rays, this means that 

atoms of low atomic number such as hydrogen are more "visi-

ble" for electrons than X-rays. This facilitates the loca-

tion of hydrogen atoms in earlier stage of structural 

analysis (Quon 1971). Or as a complement to X-ray crystal-

lography which has been used to locate heavier atoms, elec-

tron diffraction can be employed to locate hydrogen posi-

tions (Vainshtein 1964 p. 356-370). Still another advantage 

is the high efficiency in data collection compared to that 
o 

of X-ray. The wavelength of 100 keV electron is 0.037A, 

implying a large Ewald sphere radius compared to a typical 

o 
X-ray wavelength 1.SA. In fact, one can assume a flat Ewald 

2 
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sphere without introducing serious error at sufficient high 

resolution, if dynamical diffraction effects are not seri-

ous. A thorough investigation on the interaction between 

electrons and biological specimen is therefore necessary to 

justify the use of electron crystallography. 

The theory governing elastic scattering of wave-

particles by a potential field is briefly reviewed here. 

The equation of free . motion of a particle is 

A* (0) + k6 tldO ) = 0 where kO = ¥ is the wave number for x-
2~PO 

= tl for electrons in non-ray and 

relativistic case. The equation has solutions 

. -ik
O
• r 

*(0) (r) = e , which represent incident plane waves and 

are usually the experimental cases for both X-rays and elec-

. trons. The scattered wave ,(r)is expressed by the so called 

Born series. ,(r) = ,(0) (r) + ,(1) (r) + ,(2) (r) + • •• The 

equation for the first term in the Born series is 

A~(l) (r) + k 2 *(1) (r) = (87f2mU (r» *(0) (r) where U(r) is the 
h 2 

scattering field potential.The solution for *(1) (r) at large 

distance from the 

ikO. r 
*(l)(r) =l(e ) 

r 

scattering 

where 

field 

q = k-k a 

is 

In 

other words, the scattered wave measured at a large distance 

from the field is descr.ibed by an outgoing spherical wave 

whose value at a particular scattered angle is proportional 

to the Fourier transformation of the scattering field 

evaluated at the angle. 

3 
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The success of X-ray crystallography depends entirely 

on the validity of this approximation, namely the scattered 

waves are proportional to the Fourier components of the 

scattering field, which in this case, is the electron den-

sity distribution function p(r) • 
• 

For 100 keV electrons, this approximation is not always 

valid. Glauber and Schomaker (1952,1953) reported that the 

scattering of electrons by gaseous uranium hexafluoride can 

not be accounted for by the first Born approximation. Two 

distinct interatomic distances were shown in the analysis of 

the electron scattering data while data from infrared spec-

tra and dipole moment measurements indicated a symmetrical 

structure giving a unique U-F bond length. 

The transition from the kinematic (1st Born approxima-

tion) to dynamical range of single atom scattering for fast 

electrons can be estimated from the phase shift that results 

from the field. One of the criteria used is 

\ !Fh,k,l ! T = 1 where \ is the wavelength of electrons, 

and F is the normalized Fourier transform of the field h,k,l 

evaluated at h,k,l and T is the thickness of the scattering 

field. For mean value of h,k,l (e.g sin~ = 0.3A-l ), the 

estimation of for gold is • and 
0 

silver 'l' 50A 100A for 

(Vainshtein 1964 p. 151) • Such estimates may, however, be 

too "optimistic" (too thick) by as much as a factor of 5 
. • 

(i.e. realistic values would be 10 A for gold and 20 A for 

silver). A successful use of electron crystallography in 
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structural study involves the Fourier synthesis from multi-

pIe beams resulting from diffraction of the macromolecular 

crystal. This crude estimation for the domain of validity of 

kinematic theory is not enough. 

The purpose of this research is to use some quantita

tive criteria to set a firm foundation for the application 

of kinematic theory to either electron diffraction pattern 

based or image based approach to structural study of biolog~ 

ical macromolecule. 

Besides the theoretical investigation, application of 

electron diffraction to the structural studies of bac-

teriorhodopsin is presented, in which an attempt is made to 

locate the C-terminal segment of this membrane protein in 

the two dimensional projection. The method of difference 

Fourier synthesis is used between native and papain treated 

purple membrane, prepared in the frozen hydrated state. 

5 
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Chapter 2 Cowley-Moodie multislice formulation 

The dynamical effect due to multiple scattering of high 

energy electrons of the order 100 KeV ) has been well 

investigated in the field of material science. However for 

biological specimens which are characterized by large unit 

cell and large number of low atomic weight atoms, the dynam

ical effect has not been studied thoroughly. In this 

chapter, a description is given of the approach used to 

evaluate the dynamical effect in protein crystals. 

The calculation starts with the coordinates of the 

atoms in a protein crystal and its heavy atom derivatives, 

whose structure have been determined by X-ray crystallogra

phy. Computer simulations of electron diffraction of this 

model protein and its heavy atom derivatives are made 

through the "exact" dynamical formula (to be discussed in 

detail later) and also through the kinematic formula. 

The residual difference between the results of calcula

tion from the two formulas are evaluated as a function of 

resolution, thickness and electron accelerating voltages. 

Furthermore dynamical intensities are used to obtain the 

difference Patterson functions. The results are then com

pared with the "control" which is the self-correlation func

tion of heavy atoms. Phase determination through multiple 

isomorphic replacement is carried out. The phases so deter

mined are then compared with the original ones to see its 

potential applicability. 

6 
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The protein crystal chosen in the calculation is Cyto-

chrome b5 whose structure has been determined by Mathews et 

a1 (1972 ). The coordinates of the atoms and lattice con-

stants are taken from the protein data bank of Brookhaven 

~ationa1 Laboratory. This protein is chosen as a test 

object because of its relatively short c-axis repeat dis-

• tance -30 A, and its convenient space group (P2 1 21 21) whose 

2-D projection space group is Pgg; these factors facilitate 

the computation of diffracted waves, without, however any 

sacrifice in generality regarding investigation - of the 

dynamical effect. There are 4 asymmetric units in a unit 

ce11,and a=64.54A b=46.04A • and c=29.91A. Each asymmetric 

unit has 469 carbon atoms, 140 oxygen atoms, 123 nitrogen 

atoms and 1 iron atom. Two mersary1 derivatives (each has 2 

binding sites per asymmetric unit) and 1 uranyl derivative 

(with 6 binding sites per asymmetric unit) were used in the 

x-ray crystallographic study. 

In order to simulate the diffraction of electrons by 

protein crystals, the Cowley-Moodie multislice approximation 

(Cowley and Moodie 1957) was used to calculate the dif-

fracted waves. This approximation is expressed mathemati-

cally by 

zn 
.pn (x) =[lJI n- 1 (x) exp ( of eV (x,z)dz)] * ~n exp ("}t{:) 

zn-l 

where .pn(x) is the wave function entering the nth slice and 

7 



This formula can be interpreted in the 

following way: the transmission of electrons through a sam

ple is approximated by transmission through successive 

slices of two dimensional planes, each separated by ~. 

Transmission through each slice is approximated by the 

"eikonal approximation", followed by Fresnel diffraction in 

vaccum. This new wave function then serves as the incident 

wave for the next slice, and so on. The eikonal approxima-

tion has been 

approximation is 

derived by Schiff(1956). 

obtained by summing 

This eikonal-type 

the infinite Born 

series, and each Born term is restricted to small scattering 

angle such that the stationary phase approximation is valid. 

In crystallographic terms, this is equivalent to a flat 

Ewald sphere. Therefore the eikonal or phase obje6t approx

imation has a built-in assumption of zero wave length. By 

convoluting terms representing Fresnel diffraction, curva

ture of the Ewald sphere is taken into account in an approx

imate sense. 

The Cowley-Moodie multislice approximation has been 

rederived by Jap and Glaeser(l978) through the use of the 

Feynman path-integral formulation where one sees a clear 

geometrical and physical picture regarding the "path" and 

"portion" of electrons passing through a specimen: In the 

impulse limit of this formula, that is ~ -> 0 and N -> co 

such that N ~ = T,where T is the thickness of the specimen, 

this formulation becomes the Schrodinger equation for for

ward scattering (Goodman and Moodie 1974).The limitation to 

8 
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only forward scattering is due to the fact that in using the 

Fresnel propagator, one uses a paraboloidal wavefront to 

approximate the spherical wavefront. 

An immediately relevant question raised is what effect 

is there, in terms of evaluation of dynamical effects, by 

using a finite instead of infinitisimal value for~. Since 

the phase object approximation overestimates .the dynamical 

effects, and Fresnel propagator reduces the ,dynamical 

effects by spreading the wavefront, therefore, for an ident

ical total thickne~s of T (=n A z), if the chosen A7. in the 

cowley-Moodie formula is large, it tends to overestimate the 

dynamical effects. The calculation in this research takes 

c-axis length 29.9lA as A7.. The results are then an estima

tion of the "upperbound" of the dynamical effect. The 

Cowley-Moodie multislice approximation has been used exten-

sively in ~aterial science,and the results of calculations 

~atch well with the experimental data (Lynch,Moodie and 

O'keefe 1975). 

Atomic scattering factors used in the calculation of 

the projected potential for Cytochrome b S are taken from 

values of Doyle and Turner (1968). Atomic form factors for 

electrons, f (s) , are given in analytical form 

4 r aiexp (-bi S2 ) where s = sine/~ in 
i=l 

f (s) = A-I and all 

the a's and b's are parameters calculated by the relativis-

tic Hartree-Fock method and are tabulated in the paper. Only 

non-hydrogen atoms of cytochrome b S were included in the 

9 



calculation. 

Computer programs are developed to calculate (1) the 

Fourier transform of the projected potential (2) Cowley

Moodie multislice approximation (3) crystallographic R 

values between Cowley-Moodie waves and kinematic waves (R 

values defined in next chapter). (4) Difference Patterson 

function and map based on Cowley-Moodie intensities. (5) 

Phasing through multiple isomorphic replacement in zonal 

plane of pgg 2-D space group,the projection of P2 l 2l2l. (6) 

Least square fitting program used in Wilson plot is a pack

age of Hewlett-Packard HP4lc calculator. Programs for 

(1), (2) ,(3) were developed by Dr. B.K. Jap and software for 

contour plot map is a facility of BKY system at LEL. The 

computer used is CDC 7600. 

10 
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Chapter 3 Dynamical ealculation of electron diffraction 

The first step in a series of calculations is to obtain 

the Fourier coefficients of the electric potential of cry-

stalline cytochrome bS in 2-D projection. All atoms are 

assumed to be staiionary, that is the temperature factors 

are set to O. Fourier coefficients are calculated to a reso-

lution of • 0.51\ for both native and heavy atom derivative 

structures. The array number used to register the coeffi-

cients is (2x64 + 1) x (2x46 + 1) = 11997, 

Out of this array only 9333 are norivanishing as 

F(S(h,k»2.0j are ~etto O. The projected ~otential in 

the x-y plane was calculated by taking the inverse Fourier 

transform of the (H,K,O) structure factor~. The 2-

dimensional array of l2q x 93 elements are then floated on a 

larger array of dimension 245 x 175 , which is used in the 

subsequent recursive Cowley-Moodie multislice formula. 

Since dynamical scattering may produce reflections that 

extend beyond the cutoff spatial frequency for the Fourier 

coeffcients of electric potential function, a larger array 

is necessary to include such reflections thereby reducing 

the error in calculations and guaranteeing that unitarity 

condition(>99.7%) is satisfied up to a thickness of 600~ at 

all situations. In each recursive calculation of the 

Cowley-Moodie formula, beams with intensity less than 10-8 . 

are set to zero. The last measure is to eliminate residual 

computation error if any. The direction of the incident 

electron beam is assumed to be parallel to the crystal c-



axis. Three different accelerating voltages, namely 100,500 

and 1000 keV, are calculated. 

The kinematic calculation was done by convoluting the 

structure factors with the crystal-thickness function and 

sampling the resulting function on the surface of the Ewald 

sphere. Figure 3.1 gives two examples of how diffraction 

intensities vary with the thickness of the crystal in the 

kinematic and the dynamical case, at low and high resolu-

tion. At a thickness of 150-200 • A, the deviation is 

small, as it should be, but at a thickness of -300 A, there 

appears to be a significant difference. A "general com~ 

parison" between the kinematic and dynamical results can be 

inferred by evaluating the residual between the 

Cowley-Moodie amplitude, and·IF k 1 ,the kinematic amplitude, 

according the following expression: 

smax 
r 

R (s = ~h~'wk~ __________________________ __ 
max) 

where 

smax 
t: 

l,t = hlk 
smax 

r 
~ h, k 

1Fc (h, k) 

1Fk (h, k) 

smax 
I: 

h,k 

12 

12 

~ 

1/2 

12 

.. 



Figure 3.1 The diffracted beam intensities for the 
(2,0,0) and (1,21,0) reflection are plotted as function 
of crystal thickness. The solid lines are the "exact" 
Cowley-Moodie dynamical intensities and dash lines are 
the kinematic intensities. . 

13 
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The data set in both cases are scaled such that the total 

diffracted intensities were the same at a given thickness. 

smax is the maximum spatial frequency. Figure 3.2 shows two 

representative examples of how R(s) increases with increas-

h ' k f _LA. °-1 d· 1 A.-I ing t lC ness or sma x = ~~ an smax = a70- • 

A "global" inference can be made from·the above figure 

to define the "domain of validity" of the kinematic approxi

mation for any numerical choice of tolerance of R value. As 

shown in figure 3.3 , once a value of R is chosen, one can 

find a region of maximum resolution , at a particular thick-

ness within which the kinemati? approximation is valid. Thus 

for example~ for the case of 100 keY electrons, the 

kinematic 
, . 

approximation is valid to a thlckness of 2S0A and 
o 

a resolution of 2.SA for a tolerance value of R=O.OS, and a 

higher R value permits the use of the kinematic approxima-

tion to a larger thickness. Cases for 500 keY and 1000 keY 

are given in figure 3.4 and 3.5. As expected, the domain of 

validity increases as higher accerelating voltage is used. 

Simulation of phasing through multiple isomorphic 

replacement (rUR) 

The first step inMIR phasing is to determine the loca-

tion of the heavy atom(s) from the difference Patterson map. 

The first work then is to see if an interpretable difference 

Patterson can be obtained even when dynamical intensities 

are used. 

15 
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tislice structure factors are plotted for two resolu
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Figure 3.3 The approximate boundary lines at various 
values of reliability factor "R" in terms of crystal 
thickness and resolution for the kinematic approxima
tion. The electron accelerating voltage is indicated on 
the graph. 
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Figure 3.4 The approximate boundary lines at various 
values of reliability factor "R" in terms of crystal 
thickness and resolution for the kinematic approxima
tion. The electron accelerating voltage is indicated on 
the graph. 
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Figure 3.5 The approximate boundary lines at various 
values of reliability factor "R" in terms of crystal 
thickness and resolution for the kinematic approxima
tion. The electron accelerating voltage is indicated on 
the graph. 
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Using the same heavy atom derivative originally used by 

Matthew et al (1972) in their X-ray crystallography study, 

computer simulations are performed. Figure 3.6 shows the 

projected potential map of heavy atoms in the unit cell and 

their self-correlation function which serves as the control 

for the attempted difference Patterson map. 

The difference Patterson is obtained by taking the 

inverse Fourier transform of (IFp+h I - IFp 1)2, that is 

F- l (~+h - Jlp ) 2 where .the I' s are the dynamical inten-

sities calculated through the Cowley-Moodie multislice 

approximation, and scaled as mentioned in detail below. The 

simulation of partial occupancy of heavy atoms in a protein 

crystal is extremely difficult to perform in dynamical cal

culations. We therefore approach this problem by simulating 

two limiting cases for 100 keV electrons. In the first 

case, the heavy atoms were assumed to have full occupancy at 

all binding sites. This should be the worst case in terms of 

concomitant dynamical effect. In the second case, the heavy 

atoms were replaced with heavy atoms of "effective" atomic 

number, thus for the mersalyl group, which contains a mer-

cury atom with Z=80, the effective heavy atoms have 

Zi = Boxf i , where fi is the occupancy of the ith site. This 

approximation may underestimate the dynamical effect since 

it replaces a high atomic number element with one of lower 

atomic number. In this case the two Hg atoms are replaced by 

Molybdenum and Vanadium respectively. 

23 



Figure 3.6 An illustration showing the relationship 
between a function and 'its autocorrelation which is the 
functional relation between the heavy atom(s) binding 
sites and difference Patterson map. 
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a) The projected potential of the bound 

heavy atoms that were. used to make an 
isomorphous derivative of Cyt b 5 crystal; 
the two-dimensional space group is pgg. 
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b) The autocorrelation of fig. a. This is 
the ideal difference Patterson map. 
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A total of 5 simulations have been done: 

[1] voltage=lOO keV, heavy atoms:2 Hg, scaling of diffrac-

tion data : 

r f2 (0) 
I (0) ·ti' 

T =' where • denotes heavy atoms 
I (0) tf.2 (0) 

i 1 

and I is the intensity, f is the atomic scattering fac

tor for electron, and 0 denotes the undiffracted beam. 

Wilson plot is not used. 

[2] voltage=lOO keV, heavy atoms:l Mo, 1 V" scaling of dif-

fraction data : same as [11 

[3] voltage=lOO keV, heavy atoms :1 Mo, 1 V. Wilson plot 

is used to scale diffraction data, "apparent tempera-

ture factors" corrected for all diffraction data. 

[4] voltage=SOO keV, the rest is same as [3]. 

[5] voltage=lOOO keV, the rest is same as [3]. 

The results of case [1] and [2] are presented here. 

Figure 3.7 shows the difference Patterson maps for specimen 

thicknesses of 30,lSO,and 300 A. Full occupancy of heavy 

atoms is assumed. Figure 3.8 shows the difference Patterson 
o 

maps for specimen thicknesses of 30,150 and 300 A. Partial 

occupancy of heavy atoms is accounted for by replacing 2 Hg 

with Mo and V. In all maps, the whole numerical range of 

the function is represented in the contour plots. In both 

cases, difference Patterson maps obtained with dynamical 

intensities can clearly be correctly interpreted for the 

•• 
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Figure 3.7 The difference Patterson maps for the full
occupied Hg derivative of cytochrome b 5. (a) control, 
(b) one, (c) five and (d) ten unit cells thick. The 
intensities used are calculated by the Cowley-Moodie 
multislice formulation. 
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Figure 3.8 The difference Patter~on maps for the 
partially-occupied Hg derivative of cytochrome bS. (a) 
control, (b) one, (c) five and (d) ten unit cells 
thick. The intensities used are calculated by the 
Cowley-Moodie multislice formulation. 
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thinest possible specimen, which is just one unit cell 
o 

thick. For specimen thickness of 150 A, the difference 

Patterson would probably still be correctly interpreted. 

But by a thickness 
o 

of 300 A, the background level in the 

difference Patterson map has gotten to be unacceptably high, 

and the relative values of the Patterson peaks are greatly 

in error. 

The fact that full occupancy and partial occupancy give 

similar results can probably be explained in this way : 

while full occupancy is favorable in effectively perturbing 

the diffraction data to give a high signal to noise ratio, 

the concomittant dynamical effect causes the data to deviate 

from the kinematic assumption. At these thickness of 30,150 

" and 300 A , we can not tell to what degree each factor con-

tributes. 

I?ynamical effect introduces ~ "apparent temperature factor" 

As mentioned earlier, all the atoms are assumed to be 

stationary , that is to say, no thermal disorder is intro-

duced in the calculation. The intensities resulting from the 

Cowley-Moodie multislice formulation do, however, show an 

apparent temperature factor. The introduction of a tempera

ture factor can be seen from the Wilson plots of figure 3.9 

for accelerating voltage of 100,500 and 1000 keV. The Wilson. 

plot is commonly used by X-ray crystallographers for scaling 

together different sets of diffraction data. In the plot, 
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Figure 3.9 The Wilson plots for the dynamical electron 
diffraction intensities calculated by the Cowley-Moodie 
multislice formulation for cytochrome b 5 of various 
thickness and electron accelerating voltage, as indi
cated in each graph. 

32 



-10 

-12 

-16 

-10 

-12 

-14 
-= IN,,:.-ww 

-16 

-10 

-12 

-16 

(0) 

• 

• 

(0) 

Cytochrome 85 
Voltage'IOOkeV 

T' 30A 
-28'0.39 

Cytochrome b5 
Voltage' 500 keV 

T '30! 

-28'0.39 

...... 
• • • • • 

(0) 

Cytochrome bs 
Voltage' 1000 keV 

T' 30! 
-28'0.39 

. • • . • I 

• • • • • 

• (b) 

(b) 

• 

T, 300! 
-28'-4.33 

T '300A 
-28' -5.04 

• 

• 

• 

XBLBI7-4040 

33 



one takes the logarithm of the ratio of the average value of 

the diffraction intensities within a circular zone to the 

corresponding total atomic scattering factors squared, and 

plot this logarithm of the ratio against the square of the 

spatial frequency. For an ideal kinematic situation, in the 

absence of thermal disorder, the curve should be horizontal, 

as both the denominator and the nominator are, by defini

tion, the differential cross section at a particular angle 

of scattering. This is indeed the case for a specimen thick-
o 

ness of 30 A. However for a specimen thickness of 300 A, the 

slope of the Wilson plot is quite steep, corresponing to an 

apparent temperature factor of 2.2 A2 for 100 keV electron, 

and 2.5 A2 for 500 and 1000 keV electrons. These values of 

temperature factor correspond to an r.m.s. atomic displace-
o 0 

ment of 0.13 A to 0.17 A. The random fluctuation in the 

average structure factor for different circular zones in 

scattering angle are also more pronounced for greater speci-

~en thickness. This kind of "temperature factor" has been 

calculated up to 600 A, and it seems to level off at 2.5 A2 

02 to 2.7 A for all three accelerating' voltages. These 

nu~bers are tabulated in table 3.1. 

The intercept together with the slope in the Wilson 

plot are then used to scale the dynamical diffraction data 

for the native and heavy atom derivative. Difference 

Patterson maps are then generated from these scaled, tem-

perature factor corrected diffraction data. Figure 3.10 

shows the case of 100 keV. The left half of the figure is a 
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Table 3.1 The "apparent" temperature factors (-2B) 
determined by the Wilson plots based on the diffraction 
intensities calculated by the Cowley-Moodie multislice 
method for the crystal thickness and electron 
accelerating voltage indicated. The relation betw2en B 
and r.m.s. atomic displacement u is B=8 xw 2u • For 

2B=4 u=O.159, 2B=5 u=O.178 
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Thicknesl 
(x 29.91 A) 100 key 500 key 1000 key 

. 
1 0.39 0.39 0.39 

2 -4.98 -0.09 0.22 

3 -3.30 -0.97 -0.08 

4 -4.52 -2.49 -0.52 

5 -3.77 -5.04 -1.13 

6 -4.33 -5.42 -1.96 

7 -3.97 -4.61 -3.09 

8 -4.29 -4.06 -4.44 

9 -4.11 -4.24 -5.10 

10 -4.33 -5.04 -4.99 

11 -4.40 -5.10 -4.59 

12 -4.26 -4.84 -4.21 

13 -4.56 -4.67 -4.00 

14 -4.35 -4.84 -4.02 

15 -4.57 -5.19 -4.28 

16 -4.49 -5.11 -4.66 . 
< , 

17 -4.60 -4.90 -4.85 

18 -4.55 .. 4.85 -4.86 

19 -4.57 -5.03 -4.78 

20 -4.62 -5.30 -4.69 

21 -4.65 -5.22 -4.65 
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Figure 3.10 The difference Patterson maps for - Hg 
derivative of cytochrome b 5 based on the intensities 
calculated by the Cowley-Moodie multislice formulation 
with (right) and without (left) correction for the 
"apparent" temperature factors. (a) control, (b) ~ne, 
(c) five and (d) ten unit cell thickness. 
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reproduction of figure 3.8 presented here for comparison, 

the right half is the map generated from the same diffrac

tion data with correction made for the effective temperature 

factor and scaled according to the Wilson plot. The correc

tion for incurred temperature factor has sharpened the 

Patterson peaks, and the relative values at the peaks are 

improved. Figure 3.11 shows the difference Patterson maps 

for 500 and 1000 keV electron. The numerical range of the 

difference Patterson function and contour plots representing 

contour levels are tabulated in table 3.2. 

The occurence of a negative valued background in the 

difference Patterson maps in certain cases is unexpected, 

the background level in the contour plot is adjusted to 

avoid negative nu~bers, as the gray scale representing nega

tive background smears the plot. The minimum value in the 

contour plot is i of the total numerical range from the 

Patterson function. The peaks shown in the plots are indeed 

significantly higher than the background. 

The dynamical diffraction intensities for the native 

and heavy atom derivative protein crystal were then used to 

phase the (h,k,O) reflections. Since this zonal projection 

is centro-symmetric, the phase choice is limited to 0 or n. 

The phases of the native structure were assumed to be the 

same as the phases of the heavy atoms alone, whenever the 

intensity of the derivative is larger than that of the 

native. When the intensity of the derivative was less than 
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Figure 3.11 The difference Patterson maps for Hg 
derivative of cytochrome b 5 based on the intensities 
calculated by the Cowley-Moodie multislice formulation 
with correction for the "apparent" temperature factors. 
(a) control, (b) one, (c) five and (d) ten unit cell 
thickness. Electron accelerating voltage is indicated. 
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Thickness Range 
Voltage (x 29.91 A) Minimum Increment Maximum Plotted 

100 kev 1 0.0000 0.0004 0.0068 100% 

100 kev 5 -0.0007 0.0007 0.0105 100% 

100 kev 10 -0.002 0.001 0.017 100% 

500 kev 1 0.0000 0.0004 0.0064 100% 

500 kev 5 -0.009 0.042 

500 kev 5 0.0014 0.0027 0.0419 80%* 

500 kev 10 -0.015 0.065 

500 kev 10 0.006 0.0038 0.063 74%* 

1000 kev 1 0.0000 0.0004 0.0064 100% 

1000 kev 5 0.0000 0.0005 0.007 100% 

1000 kev 10 -0.018 0.078 

1000 kev 10 0.007 0.0046 0.076 74%* 

*F . rom maxImum. 

Table 3.2 The numerical range of values that occur in 
the calculated difference Patterson functions, and the 
range of values that were actually used along with the 
increment between contour levels in the plots of Figure 
3.10 and Figure 3.11. 
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that of the native, then the phase of the native structure 

was taken to be n plus the phase of the heavy atom. 

Structure factors in the (h,k,O) plane, for the heavy 

atoms, were assumed to be the same for all cases, and were 

calculated by the same program used to calculate the~fourier 

coefficients of th~ protein crystal. Heavy atoms were 

assumeg to be Mo and V as previously taken. Their positions 

were 'the same as those used in the X-ray work by M~tthew et 

ale This is so assumed in order to separate the errors due 

solely to dynamical" diffraction effects from those due to 

experimental inaccuracy in the interpretation of the differ

ence Patterson function. 

Strickly speaking, th~ vectorial relation Fph = Fp + Fh 

where Fph ' Fp , Fh are the sttuctrual f~~tors of heavy atom 

derivative, native structuie and heavy atoms, respectively, 

is valid in the kinematic case only. While using this 

kinematic relation, dynamical intensiti~~,for native and 

heavy atom derivative and a common kinematic structure fac

tor for heavy atoms to obtain phases, we believe this phas

ing scheme suffices as a pilot study for the evaluation of 

the dynamical effect in electron protein crystallography. 

Fig~re 3.12 shows the'results. The upper 3 curves show 

the percentage of beams assigned wrong phases as, a function 

of thickn~ss, and the lower 2 curves represent the percen-

tages of their associated intensities. A significant 

improvement is seen from 100 keV to 500 keV, but not much 

43 



40 

30 

20 

10 

200 400 
Crystal thickness (A) 

500 or 
1000keV 

600 

Figure 3.12 The number of diffraction spots assigned 
the wrong phase (top 3 curves) and their associated 
total intensities (lower 2 curves) as a percentage of 
all diffracted beams for different crystal thickness. 
Phases in the centric projection of cytochrome b 5 were 
deduced from calculated dynamical intensities for the 
native structure and one heavy atom isomorphous deriva
tive, and corrected for the "apparent" temperature fac
tors. 
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improvement ib ~een from 500 to 1000 keV. 

The results of this calculation are encouraging in 

terms of (1) crystallographic R values (2) interpretability 

of difference Patterson map and (3) the result of MIR phas

ing. It must be pointed out that Cytochrome bS is a particu

larly favorable crystal for these theoretical simulations, 

as the low molecular weight (-10000) and two binding sites 

for Hg per assymetric unit make it an ideal case for struc

tural study. In this work only centric-zone diffraction data 

are calculated, non-centric data whose phase choice is not 

limited to 0 or ~ , have not been investigated. 
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Chapter 4 Electron diffraction of purple membrane 

In this chapter, experimental work of electron diffrac

tion of a membrane protein is presented. An attempt is made 

to see if one can use the method of difference Fourier syn

thesis to determine the structural difference between two 

~embrane protein crystals, in which one crystal is chemi

cally modified from the other. The specimen is purple mem

brane of bacteriorhodopsin of Halobacterium halobium and the 

papain treated purple membrane, where the C-terminal region 

is removed (Ochinickov 1979 ). 

Bacteriorhodopsin is the only integral protein in the 

specialized purple membrane patches of Halobacterium halo

bium. It absorbs light and uses the photon energy to pump 

protons across the cell membrane, thereby generating an 

electro-chemical gradient from which energy is derived to 

power metabolism under anaerobic conditions (Stoeckenius 

1979 ). 

The purple membrane occurs in nature as a two-

dimensional crystalline array suitable for structural study 

through electron diffraction and microscopy (Unwin and 

Henderson 1975, Henderson and Unwin 1975, Leifer and Hender

son 1983, Hayward and Stroud 1981). In previous studies, a 
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three-dimensional map of resolution' 7 A parallel to the 

plane of the membrane and 14 A perpendicular to' the plane 

have been obtained. The two~dimensional projected map has 

been determined to a resolution of 
o 

3.7 A. The three-

dimensional map shows a structute of 7 a helices that span 

across the membrane. Based on this three-dimensional map of 

Unwin and Henderson and the amino acid sequence information 

of Khorana et al (1979), various models have been 

proposed(Ovchinikovet al 1979 ,Engelman et al 1980, Engel

man and Zaccai 1980 ,Katre et al 1981). The two-dimension . . 
projected map of bacteriorhodopsin at 3.7 A resolutlon (Hay-

ward and Stroud 1981) ,however shows some features that may 

suggest possible alternatives, notably the outer helices 

designated by Engelman et al (1980) as helices 1,2,3 pinched 

off and gave a narrower structure which can not be matched 

by a helix. Moreover, the circular dichroism and infrared 

spectra of bacteriorhodopsin measured by Jap et al (1983 ) 

suggests that there is substahtial , sheet (- 20 %) confor

mation and that a -helix content (- 50 %) is sufficient only 

for 5 Helices. A 7-helix structur~ wo~ld require a content 

to be greater 70 %~ The location of the C-ter~inal region in 

a two-dimensional in-plane projection would be a useful con-

straint to possible models. 

Govindjee et al (1982) , using the dye, p-nitrophenol, 

as reporting molecule for measuring the proton concentra-

tion, and absorbance at 412 nm as measurement of bR M412 

concentration, have determined the ratios [H+] 
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both native bR and for bR with the C-termina1 removed. The 

result showed that removal of the C-termina1 region of bR by 

trypsin or papain reduces the yield of light-induced proton 

by 50-70 %. Based on these results, the authors concluded 

that the C-termina1 region of bR plays an important role in 

light-driven proton release by the purple membrane. 

Wallace and Henderson (1982), using the method of 

difference Fourier synthesis, attempted to locate the C

terminal region in the in-plane projection. In this work, 

intensity difference between glucose-embeded native and 

papain cleaved purple membrane were used together with the 

phases of glucose-embeded native purple membrane for the 

Fourier synthsis. The map generated , according to the 

authors, is not interpretable. The question left is then 

whether the C-terminal region is crystalline-ordered or not 

in glucose. 

Renthal et al(1983), have presented experimental evi

dence that the C-terminal region is rigidly held at the mem

brane Surface. The authors measured the depolarization of 

fluorescence for theory of polarization of fluorescence 

see e.g. Cantor and Schimmel (1980) ) of the labelling dye 

,dansy1hydrazine, attached to the C-terminus • They found 

that the steady state polarization of this dansyl fluores

cence on the tail was 0.24 at 250 C before cleavage, and 

after papain proteolysis, the polarization decreased to 0.1. 

The result convincingly implies that the C-termina1 region 
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is rigidly linked to the remaining bulk of bR. 

It must be pointed out that even if the C-terminal 

region is ordered, the density differente,( hence the con

trast), is very small between glucose and protein, and the 

sigr-ll could be non-detectable. In view of the fact that the 

density of peptide is : 1.3 of glucose is > 1.3, and the 

density of ice is 0.917, it is worthwhile to'tackle this 

problem again, by the frozen hydrated specimen method. 

The method of "double-carbon film" is employed to 

prepare the frozen-hydrated specimen. This procedure is 

described here briefly. A thin layer of carbon film is 

coated onto pieces of mica: lcm x 3cm. The mica is then 

dipped into distilled water, and the carbon film is floated 

onto the water surface. One then passes an electron micro

scope grid from inside the water through the carbon film. 

This first layer of carbon film serves as the supporting 

film. Sample is added on top of this film when this sup

porting film is dried. The grid with the sample on it is 

then dipped again into water and passed through the same 

floated carbon film, thereby the sample is sandwitched 

between double carbon films. One then waits until the grid 

gives a characteristic reflection color , then puts the grid 

into the specimen holder, already sitting in liquid nitro

gen, and then transfers the frozen hydrated specimen to the 

cold stage of the electron microscope (Hayward and Glaeser 

1980) • 

49 



Processing of Diffraction Data 

The bR used in this work is from strain JW-3 (kindly 

provided by Dr. H.J. Weber) which is a bR overproducing bac

teriium that forms a large spatially coherent patches of 

purple membrane especially suitable for electron diffrac

tion. 

Figure 4.1 shows the polyacrylimide gel electrophoresis 

pattern of native and papain-treated bR. The electron 

microscope used is the JEOL 100B with liquid nitrogen cooled 

cold stage mentioned earlier. The film used to record dif

fraction patterns is Kodak electron image film. Diffraction 

patterns of two native and two papain-treated purple mem

brane were processed. 

The diffraction pattern on electron image film is digi

tized by scanning the films on the Perkin-Elmer densitometer 

installed at the Department of Astronomy. All scanning work 

was done in the same session with the same physical and 

electronic setups. In order to assure that the scanned 

regions of the plates are the desired region, that no misal

lignment or off-tracking has taken place, a colored Dicomed 

display of the scanned data is made as a control. An example 

is shown in figure 4.2. Such Dicomed displays were done for 

all diffraction data. The characteristic blackening curve 

of electron image film, that is the optical density response 

to a given dose of electron density, is fitted to a para

bolic equation (Figure 4.3) y = 64.73 + 1027.08x - 348.04 x 2 

50 



XBB 830-10817 

Figure 4. 1 PAGE Cpolyacrylimide gel electrophoresis) 
pattern of native and papain treated bacteriorhodopsin 
of purple membrane used in the electron diffraction 

-experiment. 
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Figure 4.2 A color Dicomed display 
Such display gives a clear picture 
One can thereby tell if the scan 
done. (BBC 830-10836) 

of scan data file. 
of the area scanned. 

has been properly 
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Figure 4.3 The curve fitting for the blackening charac
teristic of the electron image film used in recording 
the diffraction patterns. Data with 0.0.' greater than 
700 are discarded. 
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where y is the numerical output of the Perkin-Elmer dens i-

tometer, a measurement of optical density, and x is the 

electron dose in number of electrons per micron 2 • Each data 

pixel is converted to its corresponding electron dose 

according to the above equation. The cut-off value is set 

at 700, that is diffraction spots containing pixel value(s) 

greater than 700 are discarded. Only a very few spots, near 

the origin, had to be rejected. 

The overall scheme to obtain the integrated intensities 

for each diffraction spot is described here. A typical scan 

data file for the enti~e pattern of electron diffraction 

spots on one electron image film consists of 3720 (linear 

samples) x 75 (lines per row of spots) x 23 (rows of spots) 

pixels. Each pixel corresponds to an area of 

5micron x 5micron on the film. These parabolically-

corrected pixel values are then summed in blocks of 4 x 75, 

to give 23 stripes, each stripe corresponds to an area of 

375 micron x 1.86cm that covers a row of diffraction spots 

(see the Dicomed display of figure 4.2). Each data file now 

is a one-dimensional array of 930 elements and each element 

represents the number of electrons in a specified area of 

20~icron x 375micron. The next step is to find a background 

curve for each integrated line. By subtracting these back-

ground values and integrating this difference, over a window 

wide enough to cover the diffraction spots at each lattice 

point, we finally obtain the required intensities for each 

diffraction spot. 
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Three different methods are used to determine the back-

ground level. In all three cases, the first step is to elim

inate the diffraction spots from the scan data. This is done 

by taking a window with sufficient width to cover a diffrac

tion spot and replacing the values within this window by 

linear-interpolated values. A smooth background is then 

evaluated for this "spot-free" curve. 

[1] low-pass filtered background: 

This is done by taking the Fourier transform of each 

line, setting the coefficients of higher harmonics to zero 

and taking an inverse Fourier transform to obtain a smooth 

background level. An example is given in figure 4.4. Such 

measure is meant to correct any systematic local or global 

variation due to electronic problems of the densitometer or 

other unknown factors. 

[2] Lorentzian-Gaussian fitting: 

In this approach, a function which is a sum of 

Lorentzian and Gaussian functions is attempted to fit the 

"spot-free" zig-zag curve. Mathematically, this is 

al w 
y = - + a 2 exp (-a3(x - XO)2} +a 4 

2" [(x- XO}2+ {~)2] 

where y is the optical density, x is the one-dimensional 

array pixel number representing position. Six adjustable 

parameters ai' w , Xo ' a2 , a3 , a4 are determined to 

obtain a best fit, and the resonance point, Xo for both the 

Lorentzian and the Gaussian is set to be identical. a4 is 
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the y offset. The physics of inelastic scattering which 

gives the background is here mathematically described as a 

damped oscillation with resonance point xo, half-width 

w,thereby accounted for by the Lorentzian function, the 

Gaussian term is added to take care any residual. An example 

is given in figure 4.5. 

[3] Lorentzian-Gaussian with "free" segment: 

In this appraoch, the fitted curve has the same func

tional form as in [2], except during the determination of 

the parameters, a certain portion of the fitted curve is 

allowed to take any numerical value. This can be done as 

follows. In the fitting process, the residual between fitted 

numbers, Yi , and original numbers, Yi, that is (Y i - Yi)2 is 

not included in the overall residual which is to be minim-

ized. An easy way to do this is to set these differences 

Yi - Yi to be 0 in the "free" segment. The "free" segment is 

chosen so as to cover symmetrically the saturation region of 

the plate. This will become clear by looking at the example 

in figure 4.6. 

Once the background levels are determined, the 

integrated intensities are obtained by integrating the 

difference between the signal and background at each lattice 

point with a window sufficiently wide to cover the diffrac

tion spot. Indexing of the spots is done manually, and care 

is taken to ensure that all diffraction patterns are of the 

same parity as conventionally assigned. 
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Figure 4.4 The line plot of a summed scan line and the 
associated background determined by the low-pass filter 
method. 
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Figure 4.5 The line plot of a summed scan line and the 
associated background determined by the curve fitting 
to a Lorentzian-Gaussian function. 
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Figure 4.6 The line plot of a summed scan line and the 
associated background determined by the curve fitting 
to a Lorentzian-Gaussian function with a "free" seg
ment. 
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To evaluate the quality of the data, Rsym values are 

calculated and plotted against the intensity for the four 

sets of data used, as shown in figure 4.7. Rsym is defined 

Rsym = 
SIIi - Iii 

~I. 
1 

where I· 1 indicates the intensities of a 

set of symmetry related reflections and Ii is the average of 

Up to now, there are four sets of independent measure-

ments, and they must be scaled to a common base before any 

algebraic operation can be applied. To do this, the differ-

ence Wilson plot is used, in which the value of 

II (S2) 
In--

I 2 (S2) 
( = lnI l (S2) - lnI2 (s2) ) is plotted against s2 , 

the square of the spatial frequency. The four sets of data 

are designated bl, b2, cl and c2 for the two native bR and 

the two papain-cleaved bR. It is found that b2 has the 

lowest temperature factor and hence is chosen as a standard. 

Figure 4.8 shows the difference Wilson plots of bl vs b2, cl 

vs b2 and c2 vs b2 respectively. Once the slope and the Y-

intercept are determined, a corresponding scaling factor is 

applied for each diffraction intensity of each data set. It 

should be noted that the line in the Wilson plot is a least 

square fitting weighted by l where Rl and R2 are 

~RI + R~ 

R values of the mentioned diffraction intensity in the sym 

two sets of data to be scaled together. That is given 

Yi(Xi), a linear equation y = ax + b is to be fitted with 
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Figure 4.7 The R m (see text for definition) plotted 
as a function orYlntensity in arbitrary scale. (a) bl, 
(b) b2, (c) cl and (d) c2. 
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Figure 4.8 The difference Wilson plots for data set (a) 
bl vs b2, (b) cl vs b2 and (c) c2 vs b2. 

70 



(a) 

09·0 Oh·O 
I 

02·0 00·0- 02·0-
(28/18) Nl 

Oh·O- 09·0-

0 

CD 

0 

(!) 

0 

0_ 
t 

o 

O~ 
_U 
·2 Ow 
~ 
o 
w 
a: 

~LL 

0---1 

a: 
f
a: 

(DO-
~(j) 
o 

::r 
o 

o 

("\J 

o 
o 

o 
o 

71 

CD 
CD 

• I 

N 

It) 

aD 
oJ 
CD 
)( 



(b) 

Oc'i 08'0 Oh'O 00'0- Oh'O- 08'0- Oc'l-
(288/1J88) Nl 

0 

co 

0 

(!) 

0 

D. 
o 

, (\J 

0::.: 
::.: 

(f) 

.:J >
_U 
,Z 

Ow 
:::::) 

o 
w 
a: 

~l.L 

O-.J 
a: 

Co 

ru 
o 
Co 

o 
o 

72 

II) 
co 
• • N 
If) 
CD 
-' 
~ 



(c) 

OC:'1 08'0 Oh'O 00'0- Oh'O- 08'0-
(288/2J88) Nl 

DC: 'l-

0 

OC! 

0 

tCo 

0 

::I' 

0_ , 
o 

0>
_U 
,Z 

Ow 
=:J 
o 
w 
a: g;LL 

O---l 
a: 

::I' 
o 

o 

ru 
o 
o 

o 
o 

73 

,.. 
ID 

'It 
I 

N 
It) 
lID 
-J 
lID 
)( 



0' = ~ (y i -Y i> 2 
1 

1 to be minimized. Once a 

~Rf + R~ 
and b are 

determined, each set of data is scaled to a common base and 

relative temperature factors between different sets of data 

are corrected. The Kraut factor (Kraut et al 1962 which is 

an objective and independent "figure of merit" for com-

parison of scaling (the limit is 1) for bl vs b2 is 0.984, 

for cl vs b2 is 0.960 and for c2 vs b2 is 0.981, indicating 

a reasonable scaling. Fourier synthesis is done by taking 

the difference JYl- JI2 as amplitude, and phases available 

in this laboratory originally worked out by Dr. Hayward. 

Method and theory of difference Fourier 

It is well known that in the process of structural 

determination through crystallographic methods, it takes 

great effort to obtain phase information. It is therefore 

desirable to extract as much information as possible from 

the phase information available. One such attempt is the 

method of difference Fourier synthesis, in which structural 

difference between two similar objects can be synthesized by 

using the amplitude difference and a common set of phases. 

Mathematically, this is illustrated in figure 4.~. The two 

vectors F and F' are the structure factors of two objects 

with a small structure difference. Af = F'-F is the true 

structure factor representing their difference. Suppose only 

vector F, IF'I and a are available, this is usually the 

experimental situation where one has obtained the structure 
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Figure 4.0 The Arganrl riiagramshowing the rel~tionship 
between F, the parent structure factor, and FI, the 
derivative structure factor·. In the method of differ
ence Fourier synthesis, vector A F is approximated by 
vector A. 
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of an object with amplitude F and phase Q, and one has also 

measured the diffraction intensity of a similar object with 

amplitude F'. Can we extract more information regarding the 

difference between the two similar object? In the method 

of difference Fourier synthesis, the amplitude difference 

IF'I - IFI and phase of IFI, i.e. a, are used to approximate 

the true difference structure factor ~, that is, vector ,Af 

is approximated by vector A in figure 4.9. In other words, 

only the component along F of ~ is used to synthesize the 

structural difference. Such an approach undoubtab1y will 

introduce error. It is therefore important to estimate the 

associated error. 

There are three major sources of error : (1) error in 

the measurement of F. (2) error in the measurement of Fl. 

and (3) phase Q is used instead of the true phase. Henderson 

and Moffat (1971) and later Jaffe (1982) have shown the 

error in the density map is <,Ap2> = ..1.. 2 «2 - m2)Af2 + ~2) 
V2 

where m is the figure of merit for the phase and 6 2 is the 

variance for ~. In the case where m=l and 6 2 = 0, this 

equation becomes Parseva1's equation, also known as the 

energy equation. The total energy associated with the .sig

nal in Fourier space is ~2 and total energy in real space 

is ~2>v2. ~2> is the average energy per pixel if the 

total energy is evenly distributed, and since this is not 

the case, the signal will emerge. 

The final difference Fourier map generated is shown in 
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figure 4.10. The amplitudes used in the synthesis are the 

differences between the average of the two native bR and the 

average of the two papain cleaved bR. symbolically 

cl +c2 
2 ) As a control, the difference maps between 

the two native bR b2 ) and that between the two 

papain cleaved bR ( cl - c2 are also generated as shown in 

figure 4.11. The maps of b l , b2 , cl , andc2 are shown in 

figure 4.12. The contour levels in figure 4.10 are chosen 

such that there are a total of six contours, and ~2>1/2 is 

0.95 of this contour increment which is 0.000735). The 

contour level in maps of b l , b2 , cl and c2 is such that 

the d-helix is represented by eight contours from zero. If 

we assume there are 20 - 24 amino acid residues in each a 
-helix, then this contour increment (which is 0.0018) 

represents 3 amino acid residues. The ~2>1/2 of the 

difference map then corresponds to - 1.2 amino acid. The 

largest peak in the difference map corresponds to 4 amino 

acid residues. 

The location of the C-terminus region thus obtained 

extends from the rim of the inner central Q -helix to across 

the outer slur region which Jap and Glaeser 1983 sug-

gested could be ~ sheet. If we look at the amino acid 

sequence near the C-terminus, such speculation is not 

without merit. It should be noted that there are a few amino 

acids near the N-terminus also cleaved by papain, the candi-

date for the N-terminus can not be inferred from this work. 

77 



Figure 4.10 The contour plot for the average difference 
map between the native and papain treated bacteriorho
dopsin of purple membrane. The contour level is 1.05 
of the stadard deviation and corresponds to - 1.3 amino 
acids. 
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MAP OF 8-( ROWS 1 TO 7 

2 OF 72 (OLS 1 TO 125 OF 12510-JAN-84 00:3g: 

( LEVELS: -0.202E-02 TO 0.23gE-028Y 0.735E-03 

XBL 841-126 
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Figure 4.11 The contour plots for the difference 
between (a) two native and (b) two papain treated pur
ple membranes. 
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MAP OF 81-82 ROWS TO 7 

2 OF 72 eOlS TO 125 OF 12510-JAN-84 00:47: 

e lEVELS: -0.122E-02 TO 0.107E-028Y 0.45gE-03 

(a) XBL 841-114 



MAP OF C1-C2 ROWS 1 TO 7 

2 OF 72 COLS 1 TO 125 OF 12510-JAN-84 00:51: 

C LEVELS: -0.252E-02 TO 0.25QE-02 8Y 0.852E-03 

~) 
XBL 841-129 
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Figure 4.12 The contour plots for the maps of two 
native (a) bl and (b) b2 and two papain treated (c) cl 
and (d) c2 bacteriorhodopsin of purple membrane. The 
contour levels in all cases are chosen so that the d 
helix is represented by eight contours from zero. 
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MAP OF 81 ROWS 1 TO 7 

2 OF 72 eOlS 1 TO 125 OF 12510-JAN-84 00:25: 

e lEVELS: -0.132E-01 TO 0.12QE-018Y 0.174E-02 

(a) 
XBL 841-113 
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MAP OF B2 ROWS 1 TO 7 

2 OF 72 eOlS 1 TO 125 OF 12510-JAN-84 00:30: 

e lEVELS: -0.133E-01 TO 0.13bE-01 BY 0.180E-02 

(b) 
XBL 841-122 
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MAP OF C1 ROWS 1 TO 7 

2 OF 72 COLS 1 TO 125 OF 12510-JAN-84 00:32: 

C LEVELS: -0.133E-01 TO 0.123E-01 BY 0.170E-02 

(c) XBL 841-125 
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MAP OF C2 ROWS 1 TO 7 

2 OF 72 COlS 1 TO 125 OF 12510-JAN-84 00:34: 

C lEVELS: -0.133E-01 TO 0.121E-01 BY 0.1bQE-02 

(d) 
XBL 841-128 
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Chapter 5 Conclusion and summary 

Ever since the first crystallographic approach to the 

interpretation of electron micrographs of periodic biologi

cal specimens in 1968 (De Rosier and Klug), there has been 

great progress in electron crystallography. Specimen 

preservation through the use of glucose, embedment or frozen 

hydration, together with the method of image enhancement 

have made low dose high-resolution electron ~icroscopy of 

unstained biological specimen possible. However, the possi-

ble failure of kinematic interpretation for either image-

based or diffraction-pattern-based data has been a worry. 

The pilot study presented here serves a direct and sys-

tematic investigation to this problem, with the hope of set-

ting a firm theoretical foundation for the use of electron 

structural study of biological macromolecules. 

The use of the Cowley-Moodie multislice formulation to 

represent the "exact" case is justified, as it has been 

known to match well with the experimental results in 

material science, and in the theoretical aspect, it is also 

the solution of the Schroedinger equation. 

The deviation of this "exact" data from the kinematic 

case is explored and expressed in terms of (i) 
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crystallographic R values, (ii) interpretability of the 

difference Patterson function obtained from dynamical dif-

fraction intensities and (iii) the results from the Multiple 

Isomorphic Replacement phasing scheme for the centric zone. 

The results presented in this study have an immediate 

relevance. In order to obtain three-dimensional structural 

data, the specimen must be tilted, if the specimen thickness 

is T and the angle of tilt is a, then the effective electron 

h · k . T F th I path or t 1C ness 1S coss. rom e resu ts of this work, 

once the tolerance allowed is determined, the maximum angle 

of tilt can then be estimated. 

In the second part, an experimental work ,a comparison 

is made between the projected structures of native bac-

teriorhodopsin and bacteriorhodopsin in which the C-terminus 

removed by papain treatment. The method of data collection, 

processing and results are presented. A new method to treat 

the background is shown. The background in the diffraction 

pattern is considered as a systematic-global phenomenon, and 

is treated in that sen~e. Three types are used to determined 

the background level, namely (i) low-pass filter, (ii) 

Lorentzian-Gaussian function and (iii) Lorentzian-Gaussian 

function with a "free segment". 

Just as X-ray crystallography has led us to the under-

standing of structure-function relation at atomic resolution 

for water-soluble proteins, electron crystallography will 

provide us the structure information at higher resolution 
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for a large class of integral membrane proteins which are 

known to playa wide variety of functions. 
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