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CHAPTER I

INTRODUCTION

Studies on large biomolecular systems by electron microscopy and X-

ray or neutron scattering techniques (1, 2, 3) yield structural de-

tails which ultimately will explain how biological phenomena occur

at a molecular level.

Many large biological systems, such as the shells of simple virus

particles, muscle protein components etc., consist of a large number

of identical protein subunits, which are symmetrically arranged. Elec-

tron microscopy is an important technique for the elucidation of the

structure of regular biological systems. Methods to retrieve the maxi-

mum amount of information from electron images of regular biological

objects have been developed by Klug and collaborators in Cambridge (4).

This thesis deals with the application of one of these methods to

analyse electron images of biological structures with helical symmetry

(5). The studies described in the following chapters have provided in-

formation about the structure of Alfalfa Mosaic Virus (6) and on the

contractile sheath of bacteriophages Mu and PBS (7, 8).

Furthermore, information on the fidelity of the negative staining

technique and on radiation damage effects during recording the struc-

tures in the electron microscope has been obtained. In addition, an

extension of the helical reconstruction technique is described.

In Chapter II a literature survey will be presented of a number

of recent theoretical and practical developments in the electron mi-

croscopy of biomolecular structures. The techniques used in the ana-

lysis such as optical diffraction, the 3-dimensional reconstruction

method for helical objects and the description of the image processing

hardware and software are explained in Chapter III. The contractile

shaath of bacteriophages is constructed from a large number of iden-

tical protein subunits. The packaging of these protein molecules

•.!?



(quaternary structure) in the contracted and non-contracted sheath of

phage Mu and PBS is described in Chapter IV, V, VI and VII. The

approximate shape (tertiary structure) of the sheath protein from

PBS also follows from the analysis given in Chapter VII. A number of

factors which contribute to the electron image details were assessed

in detail. For this analysis it was necessary to extend the original

3-dimensional reconstruction scheme put forward by De Rosier and Klug

(9) (Chapter VI). In Chapter VIII minimum beam electron microscopy

and the 3-dimensional reconstruction technique were used to analyse

negatively stained Alfalfa Mosaic Virus (AMV) and polymers of re-

assembled AMV coat protein. A description of the polymorphism of the

surface lattices of AMV (10) will be put forward in this Chapter.

Finally Chapter IX provides a summary and a discussion of the struc-

tural data obtained in the analysis and contains an outlook for

further research in this field.
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CHAPTER II

STRUCTURAL STUDIES BY ELECTRON MICROSCOPY

II-1 General aspects.

Many biological systems are constructed from a large number of

identical protein subunits. Crick and Watson (1) and Caspar and Klug

(2) have formulated a rationale for the architecture of these supra-

molecular complexes. The concept of symmetry forms the basis for the

molecular description of these structures, such as simple virus par-

ticles, microtubules, protein assemblies from muscle and the contrac-

tile sheath from bacteriophages. In order to derive structural infor-.

mation from these objects, electron microscopy, X-ray crystallography

and solution scattering techniques by X-rays and neutrons play an im-

portant role. The advantage of electron microscopy over the other

techniques is, that an image of structure is obtained, whereas in the

scattering techniques a detailed mathematical analysis will be neces-

sary to 'image' the structure investigated. For X-ray crystallographic

analysis single crystals are necessary which in combination with the

isomorphous replacement method yield diffraction intensities from which

the crystal structure is calculated. Nowadays even large biological

structures like Tomato Bushy Stunt Virus (molecular weight approxi-

mately 7 Mdalton) are amenable to this approach and 3-dimensional

density maps of a resolution of about 3 A have been obtained (3). In

principle solution scattering techniques do not provide such detailed

information, but they do not require the availability of single-crys-

tals (4). However, the low-angle patterns, obtain useful information

about the low-resolution distribution of the chemical components (pro-

tein, nucleic acid and lipid), especially when the so-called contrast-

matching technique is used (5).

Structural studies by electron microscopy require large, ordered

and well preserved protein assemblies and this approach has become



10

an important direction in structural analysis (6). This approach of

analysing regular images has evolved from the work of Klug and colla-

borators (7) and is based on the analysis of the Fourier transform of

the image intensity pattern. The electron microscope provides 2-dimen-

sional images of the objects, which have a 3-dimensional extension.

For a complete description of the biological molecule the 2-dimension-

al images have to be combined to a 3-dimensional model.

The modern electron microscope has a resolution of about 2 Ang-

strom units. However, the useful biological information is generally

not better than about 20 A (8, 9). Recently a number of new approaches

to surpass the limit of 20 A have been proposed (10, 11). The limita-

tion of resolution in electron microscopy of biological structures

mainly arises from the way the object is processed to be detectable

and from the conditions of the specimen during recording (electron

damage, vacuum condition). Because of aberrations in the electron

optical system of the microscope, the images are not perfect in the

sense that contrast reversal and filtering of the higher spatial fre-

quencies occur. However, these defects are fully understood and cor-

rected (12) provided the experimental conditions (defocussing) and

characteristics of the lens system are known. Fortunately, these fac-

tors do not play a very important role in the analysis of biological

structures at the 15 to 20 8 resolution level, although their basis

must be understood for a proper analysis.

In the following sections the 3-dimensional reconstruction tech-

nique of the electron micrographs and other factors which play a role

in the course of the analysis such as the preparation methods, radia-

tion damage and the first-order theory of the image contrast will be

discussed.

II-2 Preparation Methods.

Before the biological object is suitable for examination a so-

called preparation method has to be carried out. This method aims at

a complete preservation of the structure during imaging and at the
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same time enhances the scattering power of the biological object for

electrons. In the literature a number of different methods has been

described to increase the scattering power of the object (13, 14, 15),

as is, for example, the case with the reaction with heavy metal con-

taining components (!6). This method only increases the mass thick-

ness of the object locally. By far-the nrst powerful method is the

negative staining technique (14), in which the biomolecule is embedded

in an amorphous layer of heavy metal salt, so that the. 3-dimensional

shape of the molecule and sometimes its inner structure are detected.

Moreover, the negative stain also preserves the 3-dimensional struc-

ture to some extent in the vacuum of the microscope. The negative

staining technique has provided useful information on the quaternary

structure of biological assemblies and sometimes on the shape of the

protein subunits. Different heavy metal salts are used such as uranyl

acetate and phosphotungstate containing staining solutions. The size

of the heavy metal ion and the minimum detectable intensity fluctuation

in the electron image determine the resolution. In many examples in

literature this resolution has been shown to amount to 15 - 25 A (8,

9, 17).

Recently Unwin and Henderson (10) have described a new approach

to specimen preparation in which glucose was used to act as a sustain

in the case of regular objects. Image processing methods were employed

to retrieve the information from these images, as no heavy metal stain

was present to enhance the contrast.

Another approach for imaging biological structures is the combi-

nation of cold stages afnd regular specimens. Glaeser and Taylor (18)

have described applications in which specimens were not treated by

heavy metal salts but investigated in a frozen and thus hydrated state

with resolutions of 10 A.

II-3 Radiation damage.

When biological specimens are exposed to electrons irreversible

processes occur which are based on excitation and ionisation events
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(19). The nature of these radiation damage effects in the electron

microscope is not fully understood. Different methods have been des-

cribed to study these phenomena with the hope to understand and pre-

vent these damaging effects which affect the fidelity of the imaged

structure. These methods are: an analysis of changes in the relative

intensities of the electron diffraction patterns (20), changes in the

optical diffraction patterns of the objects under study (21, 22, see

also Chapter VII of this thesis), detection of mass-loss (23, 24)

and analysis of the energy loss spectra of the objects (25). Infrared

spectral analysis has also been used to monitor radiation effects (26).

Glaeser (20) irradiated unstained crystals of 1-valine and adenosine

and observed a total fading of the diffraction pattern and hence the

crystal structure, after an electron dose of 0.5 el/8 and 6 el/A

respectively. The electron diffraction pattern of uranyl acetate

stained catalase crystals did not show significant changes, even after

an electron dose of about 10 el/8 . These observations suggest that

different materials behave in a different way during imaging in the

electron microscope. Although structural information with low resolu-

tion (20 - 30 X) of negatively stained objects still retains a close

resemblance to the original structure, Unwin (21) has shown that for

negatively stained Tobacco Mosaic Virus preparations the stain redis-

tributes during the irradiation. It appears from our work (Chapter

VII) that this migration of stain is dependent on the protein struc-

ture ancl on the particular staining agent.

Loss of material from specimens during electron irradiation has been

reported frequently (23,24). A considerable part of this mass evapora-

.tes as molecular or atomic fragments into the space surrounding the

object. Bahr et at. (27) have noted that the degree of mass-loss de-

pends upon the initial current density. The quality of the high vacuum

in the microscope also affects the mass-loss spectrum (28). Changes in

molecular orbitals of the electronic system of the molecules and chan- \

ges in elemental composition as a function of the electron dose have ">

been detected by electron energy loss spectroscopy (25). \
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Baumeister (26) has studied the radiation damage of proteins by de-

termining the amino-acid composition after irradiation. Amino acids

with aliphatic side chains (gly, ala, val and leu) were found to be

relatively resistant to irradiation whereas those amino acids with

basic side groups (lys, his and arg) were exceedingly sensitive.

All these studies indicate the need for a minimum electron dose

to image biological structures. A finite electron dose is required to

obtain a statistically defined image (29). The Rose equation (30) ex-

presses the relation between the number of electrons per unit object

area (n) and the attainable resolution (d) for a given contrast (C)

in the image:

(0

By spatial averaging over a large number of unit cells (R) the value

for n can be lowered by a factor /R (29). This technique of spatial

averaging for reducing the electron dose has been successfully applied

to th2 study of purple membrane of //. halobium (10) and cytochrome-

oxida.se crystals (31).

Other experimental conditions which may help to reduce the radia-

tion damage effects are: a decrease of the specimen temperature (18,

32), the use of 'scavengers' (33) and the use of recording devices of

greater sensitivity than the normal photographic emulsions (29). A new

approach is the development of an electron microscope with a supercon-

ducting lens system in which the specimen is cooled to liquid helium

temperature (34, 35). At the same time the objective lens current re-

mains very stable and no mechanical vibrations will take place in the

object stage, so that very low current densities are allowed during

imaging. As has been shown, this rate effect is an important factor

for the preservation of the object during recording.

II-4 Contrast in bright field images.

In an electron microscopic image two terms contribute to the final
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contrast. These two contributions are the amplitude contrast, which

originates when electrons are scattered outside the objective aper-

ture and a phase contrast contribution. Phase contrast is produced

when the scattered electrons interfere with the unscattered or back-

ground electron beam. For thin biological specimens the scattered elec-

tron wave forms a small fraction of the unscattered beam wave and the-

re exists a simple relation which describes the interference phenome-

na to a first approximation. It is convenient to represent the electron

beam by a coherent plane wave of amplitude unity. The effect of this

coherent electron beam on specimen is expressed by the so-called trans-

mission function of the object (36, 37)

q(x,y) = exp[-ia<Kx,y)-,/u(x.y)] -

in which a equals ir/AE, E is the accelarating voltage, <j>(x,y) is the

projection of the potential distribution of the object and p(x,y) the

projection of the absorption function of the specimen. For negatively

stained biological objects (weak phase objects) the absorption is very

small and so equation 2 becomes:

y
(3)

with C
In the wave theory of image formation the effects of defocussing and

spherical aberration of the objective lens cause a phase shift x °f

the scattered electron wave in the diffraction plane of the microscope

(36 - 39). This phase shift is a function of the frequency and is ex-

pressed as follows:

(4)

in which Af is the degree of defocussing (Af is positive for a weaker

or underfocussed lens), C the spherical aberration coefficient of the

objective lens and a the angle between the scattered and unscattered

waves (a/X is the reciprocal radial coordinate). The wave function in

the diffraction plane is the Fourier transform of q(x,y) multiplied
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by the phase factor exp

) = F(q(x.y))exp(i%)
(5)

* in expression 5 is the Fourier transform of the potential distribu-

tion and <5(o,o) represents the unscattered incident bsam. It can be

shown for a first order approximation (neglect of squared and cross

terms) that the Fourier transform of the intensity distribution in the

images is proportional to:

6(o,o)-2cr$(XY)sinX, .

The phage contrast transfer function (-2sinx) modulates the amplitudes

of $(X,Y) and the signs of its phases (12, 38). The image transform is

modified by sinx and is identical with the Fourier transform of the ob-

ject in the region where sinx = -1. However, when sinx is positive the

object will be imaged with inverted contrast and in the vicinity of

sinx = 0 information will be lost. As an example in Figure 1 sinx nas

been plotted as a function of the spatial frequency (R = ot/X) at a de-

focussing of 4000 A and a spherical aberration coefficient of 1.3 mm.

0.20

Figure 1. A graph of the phase contrast transfer function (sinx),
versus spatial frequency (R), at a defocussing of 4000 A and
spherical aberration coefficient of 1.3 mm.
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To a radial resolution of 15 X the image will have the same contrast

as the object, at higher spatial frequencies the Fourier components

are effected. The deviation from the value of 1 at low resolution (40

A) in the figure is compensated by a contribution of the absorption

function. It can be derived that for amplitude contrast the transform

of the intensity distribution in the image is proportional to

6(o,o) - 2aM(X,Y)cosx with M the Fourier transform of the absorption

function u (12, 38). This absorption function is related to the mass

thickness of the object (39). Especially in the low resolution range

of the transform this term contributes significantly in the case of

stained biological objects since v(x,y) and <(i(x,y) are likely to have

the same form (36). Therefore to a first approximation it may be as-

sumed that the optimum defocus image is similar to the amplitude ob-

ject (40) and the image interpretation is based on this rationale.

From these considerations it can be concluded, that at low reso-

lution (20 - 30 8) and at a proper underfocus setting (1000 - 5000 X) a

correction of the Fourier amplitude and phase components is not neces-

sary. The amount of defocussing of the electron micrographs follows

from the zero values of the phase transfer function which is observable

by optical diffraction (12, 38).

II-5 Two-dimensional analysis.

Especially in the case of images of regular biological systems it

is convenient to use the Fourier transform of the image intensity to

detect periodicities in the presence of noise. The noise contributions

arise from staining imperfections and irregularities in the support

film. In principle there are two methods to obtain a Fourier transform

of a 2-dimensional intensity distribution. The first method is to use

a coherent optical system and by the Fourier transforming properties

of a lens the spatial frequency distribution of the subject is recorded

in the back focal plane of the diffracting lens (41). Strictly speaking '{
&

it is not the Fourier transform but the squared Fourier transform which jf
4|

is recorded, so that phases are lost in this experiment. This method j
i
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has been introduced by Klug and Berger (41) for the analysis of elec-

tron micrographs and in this method the periodic components of the

image can easily be observed. The extension of this idea is to combine

the periodic diffracted rays and to synthesize a filtered image in

which the aperiodic frequency contributions have been eliminated (42).

Another application of this method is to analyse superposition patterns

which occur for example in the case of electron microscopy of cylindri-

cal structures. In these cases 'near' and 'far' sides of the structure

overlap and oecause both contributions generally have a distinguishable

Fourier transform, each of them can be reconstructed, provided the Fou-

rier transform is indexable (42). This technique of optical filtering

has Jieen applied frequently on polyheads arising from the T-even bac-

teriophages(43, 44, 45).

Another approach in the analysis is to convert the image into a

set of numbers and to perform the Fourier transformation by computer

(46). This results in a transform, in which amplitudes and phases are

calculated and in which also a reverse transformation is possible. For

these steps it is necessary to digitize the electron micrographs, pre-

ferably on a square raster and to choose the step-size in the digital

image according to Whittaker-Shannon sampling theorem (47)• This theo-

rem expresses that for bandlimited functions the interval between

sampling points should not be larger than a certain limit in order to

prevent overlap between the periodic information in Fourier space

('aliasing' (48)).

The rationale behind this theorem can be expressed as follows:

A 2-dimensional image f(x,y) will be sampled by the following function:

.4 j ) . (6)
This sampling function s(x,y) is a 2-dimensional array of delta func-

tions, which are separated by a and b respectively in the x and y di-

rection of the image, the sampled image f (x,y) can be written as:
s
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The Fourier transform of this sampled image is obtained by the convolu-

tion of the transform of the continuous function F(X,Y) with the trans-

form of the sampling function S(X,Y).

(8)

The convolution operation is regarded as a regular array made up by

placing the transform F(X,Y) at every lattice point of S(X,Y). These

lattice points are separated in Fourier space by a value of 2Tr/a and

2ir/b in respectively the X and Y direction. The values of a and b have

to be chosen in such a way that no overlap occurs between neighbouring

transform values F(X,Y) in the array. This is expressed by:

and *%>YC. (9)

with X and Y the spatial frequencies for which F(X,Y) is actually

zero. This relation is known as the Whittaker-Shannon sampling theo-

rem (47, 49).

The digital Fourier transform of a regular object shows discrete

amplitude maxima. As in optical filtering, a computer filtered image

is obtained by selecting the regular diffraction maxima and converting

the other Fourier components to zero, after which a back transformation

of these transform data takes place. In the digital method it is pos-

sible for example, to replace the Fourier components within the maxima

by a single value. A detailed account has been given by Aebi et al.

(50). This technique has been applied to a large number of biological

structures such as, for example, images of the tubulin sheets with and

without the presence of zinc (51), images of the capsid structure of

bacteriophage <f> cbk (52) and. microtubules (53).

The digital filtering method also allows the introduction of qua-

lity criteria with regard to the reconstruction. Ross et al. (54) has

postulated a quantitative measure of the quality of each digital recon- ;'

struction by comparing the weighted average phase for each maximum with }

each of the individual phases that formed part of the average. The £

weighted mean phase angle discrepancy and the weighted mean cosine of j
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this angle ('figure of merit') were calculated for each maximum accord-

ing to equation 10 and 11:

h,ka

in which IF.. and $.. represent the amplitude and the phase angle, res-

pectively of the Fourier component (i,j); $ is the averaged phase

angle over (i,j). The index (h,k) represents the particular reciprocal

lattice point centered at the set (i,j).

S||2

m, is the individual figure of merit of the lattice point (h,k). An
n j K

overall figure of merit was also calculated for the entire diffraction

pattern.

A 'good' reconstruction gave an overall figure of merit of 0.95 to 0.99.

No individual maximum m, , attained a value below 0.8. For comparison,

the overall figure of merit of a reconstruction of an unordered area

ranged from 0.2 to 0.8.

Another digital filter technique has been developed by Crowther

and Amos (55). An image with rotational symmetry is decomposable into

circular harmonics. The relative weight of the n-fold harmonics shows, !

for example, the lowest symmetry and moreover to which resolution this

symmetry is present. A rotational filtered image can be synthesized by

combining those circular components which have symmetries of n, 2n, 3n i;

etc. This filtering technique has been applied by Crowther et at. (56) *t

on the baseplate of bacteriophage T,. 5
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II-6 Three-dimensional analysis.

Due to the large depth of field in the electron microscope, which

is several times the thickness of individual biological molecules (un-

der normal conditions several thousands of Angstrom units), a 2-dimen-

sional projection of the object is obtained along the electron beam

direction (A0, 57). In order to produce a 3-dimensional density map of

the structure, a number of projections have to be combined. The most

successful technique to reconstruct a 3-dimensional image from its

projections is the Fourier method, originally proposed by De Rosier

and Klug (7). The method of De Rosier and Klug (7) is based on the

fact that the Fourier transform of the 2-dimensional projection corres-

ponds with the central section of the 3-dimensional transform of the

object. Thus 3-dimensional Fourier space can be built up plane by plane

using different 2-dimensional projections. The number of projected

views required to reconstruct a 3-dimensional structure is dependent

on the symmetry present in the object and on the desired resolution.

Since the Fourier transform possesses the same rotational symmetry as

the object, one single view may provide several sections in the 3-di-

mensional Fourier space, which are related by the symmetry operations

present in the object (58). Because of the high rotational symmetry of

an object with helical symmetry one single view often provides suffi-

cient information to perform a 3-dimensional reconstruction to a limit-

ed resolution (7). The contractile sheath of bacteriophage T, was the

first helical object of which the 3-dimensional density map was deter- ;

mined (7). Since then the technique has been applied to a variety of

biological structures which all possess helical symmetry (59 - 63). '.

The reconstruction technique of helical assemblies will be discussed

below. ;

In the mathematical formulation of the reconstruction of helical i

objects, it is advantageous to use cylindrical coordinates. The densi- j

ty function of the object is denoted by p(r,<f,z) and its transform by ?

F(R,$,Z). The z-axis coincides with the helical axis. The Fourier '•}

transform of the structure, p(r,<J>,z), with helical symmetry is .i
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expressed by the form (64, 65):

£ (.3)
The value of this transform is non-zero only for Z - 1/c; 1 is the

layerline number and c is the axial repeat of the structure. The layer-

number (1) is linked to the order (n) of G ., (R) by the selection rule:
n, J.

l-trn-urn, (u)
in which t is the number of turns of the basic helix (m = 0) per axial

repeat, u is the number of subunits per repeat and m is an integer

which takes the values 0, +_ 1, +_ 2, etc. (64). The choice of the basic

helix is arbitrary. After determining the functions G -(R) from
» n,i

F(R,$,Z) -the 3-dimensional density p(r,<f>,z) is calculated by using the

inverse Fourier Bessel transformation:

^ ) ( i s )

in which gn,l(**)-JGnl (R)Jn(2TTRr)dR •

The 3-dimensional density distribution is derived from one single view,

if to the working resolution on each layerline only one value of n

exists for which G ,(R) is non zero. In this case equation 13 will

reduce co the form:

K $ l ) [ ( $ J ) ] (.6)

so that on each layerline G ,(R) can be determined from the transform :
n,l

values F(R,*,l/c). ?

The electron micrograph of a helical object provides a projection ;

of the structure in the direction of the electron beam ( x direction). ':

The projected density distribution is expressed by: J:io-(y/z)aJjo(x/y,z)dx ,
X
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in which p(x,y,z) represents the 3-dimensional density of the object.

The projected density distribution is obtained by electrons for which

the following relation holds (66):

= Ioexp(-c<r(y,z.)) . (18)

This is the 'Lambert-Beer' law for electrons, in which C is a constant,

I and I are electron intensities after and before passage respective-

ly of the object p(x,y,z).

The Fourier transform of <j(y>z) yields the X - 0 central section

of the 3-dimensional transform (F(O,Y,Z)). Conversion of F(O,Y,Z) to

polar coordinates yields R = IYI and $ = 0 for Y > 0 and *= H for Y

< 0.

Equation 16 can be separated in two expressions:

(19)

. (20)

Thus from one single view of the particle one is able to carry out two

independent reconstructions, corresponding to the 'near' and 'far'

side respectively (46), provided that only one G - term contributes
n,i

on each layerline. From the equations 19 and 20 follows that if the

order of the Bessel function (n) is odd, the phase difference between

meridional symmetric amplitude maxima will differ .180 degrees and if

the order (n) is even the phase difference is 0 degrees (46). If two
or more G . terms contribute on a given layerline within the working

n,i
resolution different views are required to reconstruct the object (see

Chapter III and VI). However, if there are two overlapping G - terms;
n,i

of which n is even and odd, the individual components are recoverable

from one single view (67). Since the phase difference of corresponding

maxima of an odd and even Bessel function is respectively 180 and 0 ;

degrees on a given layerline, one may write: •*•
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r(R.O) + F(R.TT) = 2Gn(R) n= even
(21)

F(R,O)- F(R.n) = 2On(R) n=odd.

Different views are obtained by tilting the object in the electron

microscope or by analysing other projections of which the relative orien-

tation is determined by computation (59). The orientation parameters of

the helical object are expressed in terms of Az, the relative shift a-

long the axis and A<}) the difference in azimuthal angle. The phase re-

sidual is expressed by:

• i (22)

in which

k an integer, 0. represents the phase of the Fourier component i of the

reference particle and 0.' is the phase of the same Fourier component i

of the other transform and IFJ is tl.3 mean amplitude (see Chapter III-

5). The minimal value of this phase residual provides a measure of the

degree with which the two transforms agree and thus of the relative

orientation. For many helical structure- r-> averaging procedure is per-

formed over a large number of independent lews to improve the statis-

tical weight of the reconstruction (59).

For spherical objects with icosahedral "symmetry several independent

views musL be combined in order to generate an unambiguous reconstruc-

tion. Fourier space is filled section by section using the transforms

of the different 2-dimensional projections of the object. The different i

sections derived from these views will not fill Fourier space at regu-

larly spaced points so that an interpolation procedure has to be carried

out to assign Fourier components to the required regular lattice. The

interpolation procedure has been described by Crowther et at. (68) by jj,

using cylindrical coordinates. The Fourier transform F(R,$,Z) is ex- |

pressed in the form given by equation 13. This implies that the Fourier •

transform at a fixed Z plane and annulus R is only a function of $. In
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general, the transform derived from different views will intersect each

annulus R at points $., of which the positions are determined by the

orientation of the projection. The transform values F. at these points

are known and on each annulus a linnear equation of the form:

£ n b j n and BJn*exP6n<$!+rJ (23)

is valid (68, 69). The required number of views has to be equal to the

.different G .. terms, which are present on each annulus at the desiredn,i

resolution. In practice it is necessary to introduce extra views of

the particle to provide more data points than unknowns (68, 69). The

equations are solved by least squares method (69, 70), after which a

Fourier inversion is performed to reconstruct the 3-dimensional densi-

ty map.

To determine the relative orientation of the particles by computa-

tion, use is made of the symmetry properties of the Fourier transform.

The 2-dimensional transform of any view of the object contains a set

of pairs of lines along which the transform has identical values. The

angular position of these lines is dependent on the orientation of the

particle. In the literature a number of small spherical viruses with

presumed icosahedral symmetry have been studied by image reconstruc-

tion (71, 72, 73).

Recently also the 3-dimensional structure of macromolecules as-

sembled in large 2-dimensional arrays has been determined by tilting

the object in the microscope. The first example of such an approach

was described by Mellema (74). The basic method for generating a 3-

dimensional Fourier transform of the 2-dimensional protein array is

to combine sections through the transform at various tilt angles after

a common phase origin for each section has been found. The regular 3-

dimensional Fourier transform of the object is determined by the known ;

2-dimensional lattice of the object and a choosen spacing. The value i
j

of this spacing is arbitrary but its reciprocal value must be larger |

than the thickness of the 2-dimensional crystal, so that after the 3- j

dimensional Fourier synthesis no overlap occurs in this direction. A ;'
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complication of this method is that not all reciprocal lattice points

can be recovered from the tilted images, as the tilt range of the ob-

ject in the microscope is limited. Purple membrane was the first 2-di-

mensional protein array of which the 3-dimensional structure has been

determined to a resolution of 7 8 (75). Recently, 2-dimensional arrays

of tubulin and cytochrome oxidase have been investigated by this method

of tilting (76, 77, 78).
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CHAPTER III

EXPERIMENTAL PROCEDURES

This chapter deals with specimen preparation and minimum beam techni-

ques. In addition, the apparatus for optical diffraction and for digi-

tizing the electron images will be described. A survey of the computer

programs to analyse the digitized images also forms part of this chap-

ter. The isolation and preparation procedures of the biological mate-

rial are described in detail in Materials and Methods sections of the

following chapters.

III-l Specimen preparation.

Carbon support films (with an estimated 100 A thickness) were pre-

pared by evaporation of carbon (obtained from Balzers A.G.) on fresh-

ly cleaved mica in a commercially obtained evaporation unit (Edwards).

The unit was equipped with an oil-diffusion pump and a liquid nitrogen

cooled trap. Negatively stained specimens were prepared with the met-

hod described by Me11etna and Van den Berg (1), or according to Valen-

tine and collaborators (2). The procedure consisted of an adsorption

step of the particles to the carbon foil by floating the carbon for

about 10 seconds on the virus suspension (concentration about 0.1 mg/ml

or lower). Staining was performed by allowing the adsorbed particles

to float for about 30 seconds on the surface of the negative staining •

solution. Subsequently 400 mesh copper grids (VECO, Eerbeek Holland)

were used to pick up parts of the carbon film and excess of stain was

blotted off by filter paper. As negative stain solutions were used 1% :

uranyl acetate (Merck, Darmstadt) at a pH of 4.2 and neutralized solu- .!]

tions of phosphotungstate (Merck, Darmstadt) at pH « 6.8. ll

I
III-2 Electron microscopy and photographic procedures. K
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A Philips EM-300 was used throughout this study; the microscope

was equipped with an anti-contamination device and was operated at

80 or 100 kV. To obtain electron images under low dose conditions a

number of special steps had to be carried out. The first condensor

lens aperture holder was modified which resulted in a construction

so that a set of 2 rings was attached to the aperture rod. By moving

one ring to the other the aperture holder is displaced by a fixed a-

mount which is sufficient to intercept the electron beam before reach-

ing the specimen, so that a kind of shutter mechanism results. Before

inserting a specimen in the microscope, the condensor lens control

knobs (C. and C~) were set to a known value in order to obtain a small

electron spot (diameter about 1 p a t a magnification of about 40,000

x) in the specimen plane. In this mode corrections for astigmatism

and focussing were executed on the specimen, so that only a very small

part of it was irradiated. After this step the electron beam was

blocked by the beam shutter mechanism and the condensor lens C2 con-

trol knob set to a predetermined value of which the resulting electron

dose at the specimen level was known. A non irradiated area of the spe-

cimen was selected (by trial-and error) by a slight displacement of

the specimen movement controls, the photographic plate was transfered

to the exposure condition and the beam shutter was opened. The first

image was taken at a total electron dose of about 5 electrons/A . This

value depends on the electron optical magnification and the desired

optical density level of the photographic plate at given development

conditions. Larger irradiation times of the same field of the speci-

men were obtained by allowing the electrons to irradiate the specimen

at the same electron flux and recording the images after a given time.

To determine the electron dose a reference image was recorded, without

a specimen in the microscope and under the same conditions as the bio-

logical specimen. The Kodak Electron Image plates were developed strict-

ly according to the manufacturers instructions for maximum speed de-

velopment (concentrated D19 developer, 12 min. at 20° C). Optical den-

sity measurements from the Electron Image plates, interpreted with the

aid of calibration charts supplied by Kodak, were the sources of
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electron dose estimates. An optical density of 0.4 of the photographic

plate at a magnification of 40,000 is equivalent to an electron dose

of about 3 el/A .sec.at the specimen.

The optical density levels in the micrographs of the actual biological

structures fluctuate within a very small range which guarantees a li-

near relation between the number of the impinging electrons and the

optical density as this exposure condition is in the linear part of

the 'Hurter-Driffield' curve for electrons (3). As there is also a

linear relation between the optical density and scattering power of

the object it can be assumed that the recorded intensity (and also the

optical density) is linearly related to the mass thickness variations

of the object (4). Therefore the intensity modulations represent mass

thiokness variations, the actual physical variable analysed further on

is the mass-thickness modulation of the object. The object has a finite

and distinct size which is used to determine the boundaries of the con-

structed density, which is always on an arbitrary scale.

111-3 Optical diffraction.

For obtaining optical transforms of the electron images use was

made of an optical bench constructed from commercially available parts

(Spindler and Hoyer, Germany). As a light source a Spectra Physics He-

Ne gas laser (8mW) was used. A schematic drawing of the diffractometer

is shown- in Figure 1.

B C
r

E D F

Figure 1. A = laser, B » focussing lens of f = 10mm, C = pinhole
diameter 100 ym, D = adjustable iris diafragm. For the diffraction
lenses Fraunhofer achromatics (E) of f = 1185mm and 1000 mm are
used depending on the required scale of the optical transform, F =
electron micrograph, G = diffraction plane in which a 35 mm photo-
graphic camera is mounted.
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The diffraction patterns were recorded on Kodak Recordak emulsions;

the photographic material was developed in D19 for 3 minutes. Always

exposure series of 4 to 5 patterns were recorded of the same object.

The optical transforms were useful in assessing the highest Fourier

spacing present in the images and determining the zero's of the trans-

fer function (sae chapter II-4). The diffractometer constant deter-

mined experimentally with test gratings was found to correlate with-
2

in I to 5% with the theoretical value (C » fX - 0.65 mm for a dif-

fraction lens of f - 1000mm).

III-4 Digitizing of electron micrographs.

Micrographs were digitized with a Zeiss scanning light microsco-

pe interfaced to a PDP 11/45 installed at the university Computer Cen-

tre (CRI) or with a TV scanner at our laboratory.

III-4-1 Zeiss scanning miarosaope.

The densitometer consists of a light microscope which is equipped

with a specimen stage movable in two perpendicular directions controll-

ed by the computer. A schematic drawing of the microscope is given

in Figure 2.

imaging lenses

Figure 2. A light source, B adjustable diaphragm and a condensing
lens, C micrograph to be digitized, D adjustable detector aper-
ture and E detector.
The system was developed in the Department of Histochemistry and
Cytochemistry (Heads: Prof.Dr. J. van Duyn and Prof.Dr. H. van
der Ploeg) of the university of Leiden.
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The illuminating system of the microscope consists of a tungsten

lamp (A), a condensing lens and an aperture (B). An image of the aper-

ture is formed on the photographic plate (C) and a 10 times magnifying

lens system is used to image the object on the detector (E). An adjust-

able diaphragm (D) acts as a field stop. A diaphragm (D) with a diame-

ter of 200 v>m is used which corresponds with a spot size of 20 urn on

the photographic plate (C). The output of the densitometer is a photo-

multiplier signal, which is transformed by an 8'bit AD converter and

stored on a disc of the PDP 11/45. The signal is a measure for the in-

tensity transmission of the photographic plate. The number of steps

in the x and y direction are chosen arbitrarily but are not allowed to

exceed the value of 512. The distance in x or y between two points in

the image, obtained with the densitometer, corresponds to a distance of

20 um on the photographic plate at C. In all cases the step size of

20 um corresponds to an actual value of 5 X (the magnification in the

micrographs is 40,000 times), which means that frequencies in the ob-

ject of 0.2 E~ are recoverable (see Chapter II-5). The acquisition

time of an image (512 x 512 points) is about two hours. Subsequently

data transfer to the IBM-image processing library takes place. The

details of the Zeiss scanning microscope and the AD converter (e.g.

the linearity) have been described previously by De Valk (5) and Van

den Berg (6).

III-4-2 Television scanner.

The TV camera scanning device was constructed at our laboratory

by J.A.P. v.d. Voort and tested for its performance by De Haan (7).

A diagram of the interface circuit of the TV scanner is shown in

Figure 3. The camera used (Philips LDH 51) contains a vidicon tube.

The video signal is amplified and transmitted through a low pass fil-

ter. The filter is adjusted to the half of sampling frequency to make

an undistorted reconstruction of the signal possible. This image is

converted into 8 bit and the AD converter is interfaced to the com-

puter (PDP 11/34). The scanning time of an image of 512 x 512 points

is 21 seconds. The sampling step size is variable by the choice of
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Figure 3. A scheme of the TV scanner at the Dept. of Biochemistry,
University of Leiden.

the objective lens in the TV camera; usually electron images were scann-

ed with a step size of 20 pm on the photographic plate, which amounts

to 5 2 in the object. Images obtained in this way are suffering from

the presence of shading (8), which means that the transfer function of

the TV camera has to be known. A correction procedure for this imper-

fection called 'shading correction' has been described by Oosterlinck

(8). The linearity of the TV scanner has been described and compared

with the Zeiss scanning microscope by De Haan (7). As with the CRI-

densitometer set up, the digitized images from the TV scanner were

stored on disc of the IBM computer (CRI).

Before transferring the data to the IBM disc, a number of steps were

performed on the PDP 11/34 at our department. The acquisition software

of the PDP 11/34, 'EM', is written in Fortran and uses a memory of 20

Kilo words (Kw) and contains a number of subprograms such as Cadre,

Contrast, Histor and Display. These programs were written by J.A.P. v.

d. Voort and A.M.H. Schepman (9); a survey is presented in table 1.

Table 1; Survey and description of EM-software.

name of the program description

Cadre Selection of a suitable sub-area from the
complete image by indicating the desired
vertices of the cadre. This sub-image can
be transported to a specified position on
disc (PDP 11/34).
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Contrast Enhances the contrast of the image by
changing the range between the minimum and
maximum density values. The maximum range
in density values amounts to 256 levels.

Histor Determines a histogram of the density array
in a specified image. Also calculated are:
a mean, a maximum and a minimum density
value of the digital image. It is possible
to display the histogram on a TV monitor
(9).

Display Displays images on the STEM attachment mo-
nitor with a display tube (9). By means of
a Robot photo camera the STEM monitor ima-
ges are photographed on a FP-4 film.

Transformation of the images is feasible, by using a FFT routine (10)

implemented on the PDP 11/34. This program uses a memory of 20 Kw and

is written in Fortran. For a description of this program see D. Fraser

(10). The objects which show a well defined Fourier transform are

transmitted to the IBM computer for further analysis.

III-5 Description of the IBM software of image prooessing.

The software for the 3-dimensional reconstruction analysis of

electron microscopic images was derived from the Cambridge program

library and adapted to the IBM-370 configuration of the university

Computer Centre (CRI), with the exception of the programs EMSTORE and

EMSEP which have been developed at our laboratory, A block diagram

of the computer programs used to obtain a 3-dimensional density dis-

tribution of a helical object is presented in Figure 4.

The required memory, expressed in Kilo bytes (K) and the CPU time for

each program step in the reconstruction of the extended sheath of PBS '

(described in Chapter VI) are given in Table 2.

After storaging the scan data on disc, a Fourier transformation is i

calculated with the program FFTHEEN. Objects with helical symmetry '*

only contain information on lines parallel to the equator (11), the il

so-called layerlines. These lines can be extracted from the Fourier %

transform by EM4HLX. After correction, with the aid of EMSRCH, for |
'i
{
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Figure 4. A block diagram of the sequence of programs used in
the 3-dimensional reconstruction of helical particles.

Table 2.

computer program CPU time in sec. Memory in K

EMSTORE
EMDSPLY
FFTHEEN
EM4HLX
EMSRCH
EM4FIT
EM4AVG
EMSEP
EM4H2
EMHLFOUR

16
12
62
II
3
25
3
14
3
13

308
312
192
92
40
144
88
448
108
344
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a shift of phase origin and a tilt of the helical axis out of the pla-

ne normal to the direction of view, the output of EM4HLX is suitable

to calculate a 3-dimensional map with EMHLFOUR. To enhance the statis-

tical weight- 01 the final reconstruction more views of the helical par-

ticle are necessary. The orientation parameters of these views are de-

termined by EM4FIT, after which an averaging procedure is executed by

EM4AVG. For those structures which possess a 2-fold axis perpendicu-

lar to the helical axis, the data were made perfectly 2-fold, after

searching for the two fold origin and by assigning real values to the

Fourier components by means of EM4H2. However, if two G . terms con-
n, i

tribute to the working resolution on one layerline, they have to be

separated in order to calculate a 3-dimensional reconstruction (see

Chapter II-6 and Chapter VI). This procedure is performed by EMSEP.

A more detailed description of these programs is presented in Table 3.

Table 3. A survey of the IBM programs for the reconstruction.

Name program Description

EMSTORE

EMDSPLY

FFTHEEN
(EM4B0X, EM4FL0AT,
EM4 and EM40UT)

Transfers the optical density array obtained
with the Zeiss-scanning microscope or with the
TV scanner, to a scratch area on a 'EM' disc
of the IBM computer. This area consists of 1826
records; a typical image takes about 20 records
and a stored transform consists of 171 records.

Performs a display of the micrographs in 8 gray
levels on the IBM line-printer. This is achieved
by an overprinting technique which simulates
blackening. Maximum array dimensions in the x
and y direction are 256 and 512 respectively.
This output is necessary for' selecting a suitable
region of the scanned image for Fourier trans-
formation.

Serves to calculate a digital 2-dimensional
Fourier transform, which is stored on disc. It
consists of four subprograms EM4B0X, EM4FL0AT,
EM4 and EM40UT.
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EM4B0X

EM4FL0AT

EM4

EM4OUT

EM4HLX

Selects a certain part of the image displayed
by EMDSPLY, for Fourier transformation. The
selected area can be either polygonal or circu-
lar. The density within the selected area is re-
placed by a negative logarithm of the density.
The values are temporarily stored and used as
input for the program EM4FL0AT. The maximum li-
ne length within the box is 256 density points
in both x and y directions.

The averaged density around the perimeter of the
selected area (EM4B0X) is calculated and sub-
tracted from each density point within the ima-
ge. This step is intended to minimize spike
functions resulting from the edges of the mask-
ed-off area.

Computes the Fourier transform. The program
uses an IBM Scientific Subroutine called HARM,
which is based on the Cooley Tukey algorithm
(10). The transform values are sampled at inter-
vals of AX and AY of '/256.Astep and '/512.Astep
respect ively.

(Astep corresponds to the stepsize in the AD
conversion).

Converts the complex array into phase and ampli-
tude arrays. A phase shift is applied to bring
the phase origin of the array from the lower
left-hand corner of the original density array
to the middle of the array, which is specified
earlier in EM4BOX. The amplitudes (F's) are
scaled so that F(0,0) * 2? and are presented in
the output as 2iOg |F[.
The phases are assigned values A to Z, 0 to 9
corresponding to ten degrees intervals. The re-
sulting amplitude array and phase array are
printed separately with an identical format so
that they are superimposable. The complete
transform is stored on the EM disc of the IBM.

Extracts lines of amplitudes and phases ('layer-
lines') from the transform generated by FFTHEEN.
If those layerlines do not correspond to the
sampling spacing points' a bilinear interpolation
is executed. The data will be displayed in ju
graphic form. Corrections are possible for kilts
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EMSRCH

EM4FIT

,1

of the helix axis out of the plane normal to the
direction of view ('tilt') and for a shift of the
phase origin parallel to the layerlines ('shift1).
These two quantities (tilt and shift) are deter-
mined with EHSRCH.

Determines 'tilt' and 'shift' values. As shown
in Chapter II-5 the phases of Fourier components
placed symmetrically on "either side of the meri-
dian differ 180 degrees if n on that layerline
is odd and differ 0 degrees if n is even. Devi-
ations of these theoretical values occur because
the phase origin of the density array is not
chosen lying on the helical axis and (or) that
the cylindrical axis of the particle is tilted
out of the plane of projection. De Rosier and
Moore (12) have shown that a phase shift of the
origin of Ay and a tilt angle of the particle
axis of u) degrees, result in a phase difference
on a distinct layerline between F(Y,Z) and F(-Y,
Z) of:

A0 =.4irAyY-2.n arctan(Zsinoyy) (0

Y and Z are the coordinates in the Fourier space
and n is the order of Bessel function on that
layerline. The program computes |F|.a for each
pair of Fourier components, where a is the cor-
rected difference in phase between the two points
for a distinct value of Ay (shift) and u (tilt).
|F|.a is a measure of the magnitude of the vector
difference between the calculated F and the F
expected for a helical particle of a given sym-
metry. The program sums [F|.a for all pairs of
Fourier components and normalizes this value by
dividing with 360. sum (|F|). Using this algo-
rithm a search is made over specified tilts and
shifts.

Determines the orientation parameters of projec-
tions: Az (relative shift along the cylindrical
axis) and A<j> (azimuthal variation). The proce-
dure of determining the orientation parameters
has been described by Amos and Klug (13). The
relative orientation of a particle is found by
calculating a phase residual (R). This residual
is defined by:
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EM4AVG

EMSEP

in which: A0i=0i-0[+nA(|>-ZTrlAz/£-2.kTT

k an integer, 0. represents the phase of the
Fourier component i of the reference particle
and 0£' is the phase of the same Fourier compo-
nent i of the other projection. For every point
i of the 2 transforms |F"JJ is also determined,
which represents the average amplitude. Due to
a difference in flattening of the different
views and differences in magnification, the
phase risiduals R(A<f>,Az) are tabulated for a
range of radial scaling factors. The lowest va-
lue of the phase residual corresponds with the
relative orientation parameters of the projec-
tion. Also a search for polarity is possible by
changing the orientation of the particle z axis
over 180 degrees. Further in the output relative
scaling factors of the amplitude for each layer-
line of the particle, under comparison with res-
pect to the reference particle, are also given.

Averages sets of layerline data from different
particles. The orientation parameters of these
particles with respect to the reference particle
have been determined by EM4FIT.

Separates overlapping Gn ^ terms. If two even or
odd Gn ^ terms contribute on one layerline dif-
ferent projections are required to determine
the individual terms (see Chapters II-6 and VI).
For each value of R the following relation is
valid:

•""•lew (3)

in which |F| and $ art the measured amplitude
and phase at point R, along the layerline 1.
The amplitude |Gn| and |Gn'| and the correspond-
ing phases a and 6 have to be determined in or-
der to calculate a 3-dimensional reconstruction
(12). This is only possible by using other pro-
jections of the same helical particle, of which
the relative orientation with respect to the
reference particle is known. In the example of
the extended sheath of bacteriophage PBS (Chap-
ter VI), there is overlap of a
tion on layerline 1.

and GJ^ func-
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To calculate the orientation parameters with
EM4FIT, only the data along R, where no overlap
exists, are used. The relation between the pha-
ses of the Gg and Gyj in the two transforms is:

= cx+6A<|> -

lA nkrr =

in which a^ and 6i are the phases of the Gg and
GJJ respectively in projection i. For this pro-
jection i equation 3 transforms into:

\F^\ and $£ are the measured amplitude and phase
at spatial frequency R. The unknowns in equation
3 and 6 are the amplitudes |Gg| and JGŷ l and
the corresponding phases a and B. The orientation
parameters are known. These two equations (3 and
6) are described in a real and imaginary part.

IF. I cos <p slG^lcosa +|G{2.| coa/6
IFI s in $ =|&6lainof + |&JI | sin/6
JFil cos <pi=|G6|cos(o<+A<p) +|&i2| cos(/3+Acp')

l ( A ) ) l ( A ^ )

This is also expressed in a matrix notation

F=[P].o . (8)

Matrix [P] is specified by the relations be-
tween the various projections.

with

A=|G&!CO5«
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and / 1
0

\ si

1
0

cosAf
ainAf

0
1

0
1

co&A<p

EM4H2

With EMSEP the values of x,y,z and t are comput-
ed for each value of R. The amplitude and the
corresponding phase of the separate G . terms
are calculated by: '

It will be advisable to use more projections
than unknowns and in this case the solution is
obtainable by a least squares method. The relia-
bility of the solution will depend on the num-
ber of projections, how they are scattered in
the (<f>,z) space and on the accuracy of the orien-
tation parameters. The program measures the con-
dition number of the matrix [P] which gives the
dependence of the set of linear equations, the
more Chis number approaches the value of I the
less dependent the linear equations (8) are. The
maximum departure of G~ due to inaccuracies in
the orientation parameters is expressed by:

(10)

in which G" is the solution of [P + E ] C = F, E
the estimated error values of the orientation
parameters of each projection, C is the condition
number of matrix[P] and N the ratio of the norms
of matrix [E] and[P] (14) .
The norm of a matrix is defined as the largest
singular value of the matrix and is computed by
the program.

Searches for the best two fold origin by calcula-
ting a phase residual which indicates the depar-
ture of 2-fbldness. The phase residual is calcu-
lated in the same way as in EM4FIT. The lowest
phase residual is selected and the origin is
placed at this position. The phases of the Fou-
rier components obtain the nearest value of 0 or II.
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EMHLFOUR Calculates a Fourier Bessel summation on the
data derived from EM4HLX, EM4AVG, EMSEP or EM4H2,
to produce a 3-dimensional density map. The the-
ory behind this step has been described in Chap-
ter II-6 and by Klug et al. (11). The output of
the calculated 3-dimensional map is possible in
different forms, for example in horizontal sec-
tions (z constant), cylindrical sections (r con-
stant) and in vertical sections (<j> constant).
The final data are transferable to tape. One is
able to specify a lower and upper density level,
which in the photographic display corresponds with
black and white respectively. It is possible to
display the data with the PDP 11/34 by means of
the display system, developed at our laboratory
on the STEM-monitor and to obtain photographic
images (9).
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An Analysis of the Contracted Sheath Structure
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Polymers of contracted sheath particles of bacteriophage Mu were imaged by the negative-
staining technique and the electron images were analyzed by optical and digital methods.

By means of the three-dimensional reconstruction technique of DeRosier and Klug [Nature
(Lond.) 217, 130-134 (1968)] an averaged density map of the sheath structure at a resolution of
about 2.0 nm was derived. The sheath is known to consist of one type of protein with a molecular
weight of about 52000 [Admiraal and Mellema, J. Ullrastr. Res. 56. 48-64(1976)] .

The interpretation of the map has given information about packing and shape of the protein
subunits. One way to describe the structure is by a set of annular rings with 6-fold symmetry. The
height of these rings is about 1.8 nm and successive rings in the structure change by about 33' in
azimuth. The protein subunit which occupies more than one ring in the polymer, is elongated.
The long axis of the protein subunit is at an angle of about 20 with the plane normal to the
polymer axis. These data are discussed in relation to changes in the sheath molecules upon
contraction.

In the past structural aspects of the contractile
tail sheath of the T-even phages have been studied
extensively [1 — 6], The process of contraction in-
volves a drastic change in the overall morphology
of the sheath as.observed by electron microscopy.
This structural transition can be expressed by changes
in packing of the protein molecules in the helical
lattices by means of optical diffraction of the electron
images of both the extended and contracted sheaths.
Only one type of polypeptide chain seems to be
involved in the architecture of the sheath. For example,
the T4 sheath consists of 144 copies of P18 a protein
with a molecular weight of about 83000 [7].

The sheath structure has also drawn attention for
other reasons as it was the first assembly to be analyzed
by the three-dimensional reconstruction technique
[4]. This technique allows a quantitative determina-
tion of a three-dimensional structure from its electron
microscopic projections. The presence of helical
symmetry in the structure of the sheath permits
evaluation of sufficient information from one projec-
tion to synthesize a thrr ̂ -dimensional picture to a
limited resolution. In a refinement of this analysis
Amos and Klug [6] have formulated procedures to
correlate different projections of the same object in

order to improve the statistical weight of the re-
constructed data.

Bacteriophage Mu has a similar architecture to the
T-even phages [8.9]. Admiraal and Mellema [9]
analyzed the electron micrographs of extended and
contracted Mu sheath in more detail and determined
the lattice parameters of both helical structures. A
low-resolution map of the extended sheath was
calculated which was found to exhibit features similar
to those of T4. One type of protein with molecular
weight of S2000 was shown to be present in Mu
sheath.

The question whether changes in quaternary
structure upon sheath contraction parallel changes
in shape of the constituent protein molecules can be
examined by analyzing the electron images with the
three-dimensional reconstruction technique. In their
studies of this transition of T4 sheath. Amos and
Klug [6] used an aberrant tail structure known as
polysheath to determine the contracted structure.
Contracted tail sheath is too short to give a good
optical diffraction pattern, whereas the much longer
polysheath particles do show much more information'
in their transforms. Polysheaths may have some
extra material of unknown composition in addition
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to ihe protein which it has in common with wild-type
contracted sheath [1,10]. The difference in stability
of the two types of structure under dissociating con-
ditions may point to a difference in inter-subunit
bonding [11].

In our previous study on the structure of Mu tail,
conditions were described for the polymerization of
contracted sheath into long polymers. These polymers
are better suited for the study of contracted sheath
structure than the polysheath of T4. Furthermore
good diffraction patterns can be obtained. In the
present study these polymers have been analyzed in
more detail. The electron images were recorded in
a conventional way and the images suffered from
radiation damage effects, Investigations are in progress
on the comparison of the two types of Mu sheath
structure, wherein the effects of radiation damage
have been minimized.

MATERIALS A N D METHODS

Phage stocks Mu-1 C2000 were prepared accord-
ing to Wijffelman and Van de Putle [12], Polymers
were obtained by the procedure as described by

Admiraal and Mellema [9], Negatively stained spe-
cimens were made in a similar way according to
Mellema and Van den Berg [13]. In this paper also
the procedures for taking micrographs with the
Philips EM-300 are outlined.

Optical transforms of the micrographs were ob-
tained in the apparatus described previously [13].
Micrographs were digitized on a 0.4 x 0.4 nm2 raster
using a Zeiss scanning microscope interfaced to a
PDP 11/45. Data processing took place on the Uni-
versity Computer Center with the IBM-370. Digital
transforms were calculated in the way described by
DeRosier and Moore [14]. For the analysts stretches
of polymers which were straight as judged by eye,
with a length of about 100 nm, were transformed.

The layer lines / = 0 , 1 , 3 , 4 and 5 were extracted
from the digital transform and corrected [14]. Residual
maps of R (0,Z,R,s,u) and R*(<P.Z,R$ait) were cal-
culated, as has been described by Amos and Klug
[6]. The results of this procedure are summarized in
Table 1. After applying the corrections the data sets
were averaged.

From the approximate selection rule it can be
concluded that two harmonics, Gu and Gjj, contribute
to the second layer line. The radial position of the
maximum of the Gu function was used to locate this

Table 1, A summary of the correlation procedure performed on ihe layer line data I = /, 3.4 and5 of the half transforms med in the reconstruction
The radial resolution of the layer line data is about 2 0 nm. The residuals Rmia and Kmin are expressed in degrees and were calculated accord-
ing to the formula:

The summation involves corresponding points of the two transforms to be compared. | Ft | is the average amplitude of the two points to be
compared and Ai the phase difference. The 2-fold residual in degrees is expressed as the average departure of the phases of the Fourier compo-
nents from their real value. Particles are numbered from 1 to 8. The data (3,4), (5,6) and (7,8) arc derived from near and fur sides of the same
panicle. All particles 1 to 8 were included in the final average. The differences between Amin and /t£)n the upside down residual, are not large
which could indicate the presence of dyads normal to the polymer axis. Also listed are the average departures ofthedata from the real structure
factors. Though these differences are tow compared to other examples [b], it is difficult to decide whether ilic structure has 2-fold symmetry.
The fact that the'averaged data do not have a lower 2-fold residual than the individual particles and the fact that Fm\n decreased and RZin
remained constant in successive rounds suggest that there is no real 2-fold symmetry. Both fuels arc reversed in the case of hacmocyanin
aggregates an assembly which is known to have dyads [16]

Particle name Sin with reference lo

particle 1 I st average 2nd average

Orientation parameters

Z

* Included in the 1st average.
h Included in lhc 2nd average.

2-i'old
residuals

J
2
3
4
S
6
7
8
1st average
2nd average
3rd average

40/43
42/44
43/44
46/46"
44/46
4 3 W
4K/48
-
-

22/42"
39/44"
34/44"
44/43
33/4)"
43/46
27/43"
•45/4*
- h

-
-

26/48
32/43
31/39
46/45
2K/39
41/43
29/42
42/48
13/45
-
—

60.0
55.5
57.0
57.5
54.5
54.0
54.0
55.5
-
-

0
5.4

12.7
12.3
2.9
2.9
8.8
9.1

-
-
—

1.00
1.15
0.90
1.00
0.93
0.95
0.98
0.98
-
-
—

33
34
35
34
30
32
33
37
—
29
35
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layer line. The information on the layer line was con-
sidered to have the following form [14]:

F(R,<P,2/c) = G2i (R) exp [24 i (* + ^n)\

A least-squares solution for the two unknown quanti-
ties, G2*(R) and Gm(R) was calculated using the
eight data sets listed in Table 1. These data sets are
reasonably scattered in $,Zspace. A three-dimensional
electron density map was calculated from the averaged
data [14].

The reconstruction has an exact repeat of 16 nm,
although there are indications that this value is larger
(see Results). The relative orientation of the subunits
as well as the shape of the protein will be hardly effected
by the choice of this parameter in the computation.

Photographic display of the density maps were
obtained by a display system developed at our labor-
atory. The system consists of a Philips STEM attach-
ment interfaced to a PDP11 /34 and will be described
elsewhere (J. A. P. van der Voort, unpublished).

RESULTS

Electron Images of Polymers
of Contracted Mu Sheath

An electron image of negatively stained polymers
on a carbon film is shown in Fig. 1. In addition to

the polymers of contracted sheath, single ("mono-
meric') sheath particles can also be observed. The
polymers have a variable length with a maximum
value of about I um. The diameter equals that of
contracted sheath particles which was found to be
24.5 ± 1.8 nm (standard deviation of the mean) [9].
During the preparation of the polymers the majority
of the single trails were found to have lost their tubes
or cores. Therefore the images of the polymers reveal
the presence of stain along the polymer axis out to
a radius of about 4.5 nm.

Inspection of the images sometimes reveals bands
of stain which run perpendicular to the polymer axis
(see Fig. 1). These features probably represent a
boundary between particles within the polymer which
have not associated according to the lattice. Evidence
will be presented below which indicates that monomers
in the polymer have been associated in register and
not in a random fashion.

Optical Diffraction

An optical diffraction pattern of a stretch of a
polymer is presented in Fig. 2. The constant features
of the diffraction patterns are the intensities on a set
of layer lines which have been assigned / = 1,4 and 5.
These are indicated in the figure. The average layer
line distance measured from 10 transforms was found
to be (15.9 + 0.7 nm)"1. Therefore the axial resolu-
tion of these data extends to about 3.2 nm.

Fig. 1. An I'lectrau niiirogmpti of a iwfjtttivi'ty stuim'il pn'twtitum ol /w/vmiT.v ofi-tmmii-h'i/sth'attt /ntrric/c of htu-ttThplhw MIL Occasionally
bands or slain normal to the polymer axis appear, which mark eontaei regions of single sheaili panicles within ihc poluner. Also \i»ihk- in
the image are single contracted sheath particles which have not associated. Magnification llOOOOx
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Fig. 2. (a) An electron micrograph oj a polymer negatively stained with uranylacetate, fb) An optical diffraction pattern derived from the polymer
shown in (at. The transform shows a set of approximately equally spaced layer lines which have been indicated in the figure. The / = 5 data
have an axial spacing of about 1/3.2 nm"1

This indexing scheme corresponds to previous
results which were obtained from averaged transforms
of single Mu tail sheath particles and a mutant tail
[9]. On the basis of this scheme the approximate
selection rule / = 5 n' + 9 m, n = 6 n' was derived.
One way to describe the structure of contracted sheat
is by a set of annular rings with 6-fold symmetry.
There will be a constant difference in azimuthal
orientation of successive rings in the structure. The
helical structure will repeat exactly after 9 annuli and
the screw-angle between rings as specified by the
helical family [5,6] will be 2 n (5/54) or 33.33°.

In order to determine the experimental value of
the angle more accurately the procedure outlined by
Smith and Aebi [15] was followed. This method
minimizes the effects of errors in the measurements
of the layer line altitudes by a least-squares method.
An average value of 33.52 + 0.15° was determined
from 10 optical transforms. From this result it appears
that the number of annular rings in a repeat is not
exactly 9, but has a value which is slightly less. There-
fore a better approximation of the selection rule is
/ = 5 «' + (8.95 + 0.04) m.

Analysis of Digital Transforms

After measuring the density of the images of
polymers, digital Fourier transforms were calculated
according to the principles outlined by DeRosier
and Moore [14] and implemented as described in

Materials and Methods. In one example adjacent
and non-overlapping stretches of the same polymer
were transformed with a common origin. The length
of the transformed areas along the polymer axis was
about 50 nm, which is roughly the length of a single
contracted particle. Inspection of the corresponding
amplitude maxima in the transforms along I •= 1 and
/ = 5 (the clearest common layer lines in the example
studied) revealed an average difference of about 10".
Therefore it is reasonable to assume that sheath
particles arranged within a polymer have been as-
sociated according to their helical lattice.

The present data on / = 2 have to be considered
as a combination of a' G24 and a G^ if the repeat of
the structure were exactly 9 annuli. These two com-
ponents originate at two different branches in the
(n,l) plot and in practice may be separated by a
small amount in the axial direction in Fourier space
[15]. The difference in layer line altitude will depend
on the deviation of the particular screw angle from
33,33? From eight transforms the layer line data were
analyzed in order to obtain the orientation parameters
0, Z and /?>„!(. Table 1 summarizes the results.

The result of the least-squares procedure used to
separate the G24 and GJJ is presented in Fig. 3. It is
evident that the recovery of the individual harmonics
depends on the accuracy of the orientation parameters.
From the profiles in the residual maps accuracies of
0.5° in * and of 0.15 nm in Z can be derived. These
errors will tend to average out in the least-squares
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procedure as they are not systematic in nature. The
Gu function has a maximum at about 0.35 nm"1,
a value to be expected on the basis or a maximum
radius of 12.5 nm. The phase differences between the
observed and the calculated Fourier components
(Fig. 4) reflect that the minimal differences occur at
this maximum. These features indicate that the
solution is correct to a first approximation. There is
no clear correlation between increasing resolution and
phase deviation. The Gm function clearly is not
reliably recovered and therefore not used further,

We find this procedure to extract the Gj4 function
a better one than finding the locations of Gu'and
Gw separately in the transforms as their separation
depends on the actual screw angle and the length of
the box transformed.

Interpretation of the Three-Dimensional Reconstruction

The result of the Fourier-Bessel synthesis is shown
in Fig. 5 and 6. For the final calculation the averaged
layer line data of / = 0,1,2,3,4 and 5 were used with
a radial resolution of about 2.0 nm. The relative
weight of the layer line amplitudes in the foregoing
sequence were respectively 66, IS, 4, 4, 6 and 4% of
the total sum of all layer line amplitudes.

0.28 0*5
ff (nm"1)

Fig. 3. Tht least-squurts solution ofthe data set F IR. • . 2/c) frmii
eight npulkmx of the lypt formulated in Materials and Methtttls.
The solutions, Gu (Jt) and OM (A) are complex quantities and in
the figure Iheir amplitudes ( ) and phases ( ) have been
displayed. The amplitudes are on « i arbitrary sca|e

An inspection of the reconstruction reveals a set
of 12 right-handed helical grooves at the outside part
(Fig. S). There is a clear indication that the stain has
outlined morphological subunits from the maximum
radius (about 12.S nm) to a radius of about 8.0 nm.
The rough form of this part of the structure is rod-like.
At smaller radii the rod is anchored in a more compact
part of the structure in which the stain has penetrated
(o a lesser extent, probably due to close contacts of
the protein subunits. This solid part extends to a radius
of about 4.S nm, after which a region appears filled
with stain (Fig. 6). This part of the sheath is normally
occupied by the tail tube and the diameter of this hole
is in good agreement with the value of 9.2 nm deter-
mined from single tubes [9].

These general features of the structure were also
present when the data for / = 2 and / = 3 were
omitted from the reconstruction. However, the map
comprising all layer lines was a better quality as the
outer part of the subunits had a more constant density
value and a better defined stain boundary. Therefore

0.26 0.30 0.34 0.38 0 *2 0.46
Fourier spicing (nm'')

Fig. 4. Phase residuals in bonds of increasing resolution defined as
£zlcp(R). where J<p[R) is the smaller of |v,> (R) - v>, (R)|
Rtund
mitl M) - | ( / M ( R > - c/>.(R)|. In the expressions c.(R) and
<Po (A) represent the phase of the Fourier component calculated
from the least-squares solution und the observed phase at R along
the layer line in Fourier space, respectively. The lines drawn through
Ihe paints are marked by I to S corresponding nilh the nomen-
clature in Table I. In the band centered at 0.34 nm ~' the residuals
.are low compared to other frequences: in this hand C.4 has its
maximum value (see also Fig. 3)

Fig. 5. A fhoto&ratiliie iSsplay of a lylmkkulxttim ojthe reconstructed piilnikr at a raiHus of10 nm. Protein is uhilc. slain is plotted Mack.
The section is viewed from the outside M thai Ibe 12-slan family of Mites is righl-handed according lo the (». l\ ploi derived by Admiraal
and Menem |9|. The orienUlion of Ihe polymer with reaped to Ihe phaac head is not known

f
i

I
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Fig. 6. Photographic displays of sections of the reconstructed polymer normal to the helical axis. The sections are spaced at intervals of 0.42 nm
and numbered in order of increasing Z. Protein is white. The most plausible boundaries of the subunits in the different annuli have been drawn
in black lines. The subunits have been numbered by I to 4. In drawing these boundaries the criterion of continuity of subunits from section to
section was used. The approximate volume of the subunit outlined in this way is about 60 nm3. which is in reasonable agreement with the known
molecular weight of the sheath subunit (anhydrous protein density 800 g mol"' nm "'). The outside part of the structure possesses 12 serrations;
the inner part is hrliow as described in the Results. The tentative shape of the subunit is approximately rod-like: the long axis of the rod does
not point to the center of the annulus but is displaced

(? = l2.5nm

Fig. 7. A schematic drawing of the tentative shapes of the sheath
suhunit in both the extended ( / and contracted t )
configuration. The relative positions of the two types of subunits
in the drawing does not necessarily coincide with the situation in
the sheat. The rough form of the extended subunit is 'bean'-like
its long axis measures about 7.0 nm, whereas the 'rod-like' con-
tracted sheath subunit has a similar length. At a radius of about
4.S nm the tail tube in the two types of structures makes contact
with the sheath. Upon contraction the extended sheath' subunit is
thought to change its shape and orientation as shown in the figure

as long as the nature of the higher harmonics differen-
tiates them from noise, it will be advantageous to
include them, despite their low weight, in the final
Fourier synthesis. However, some authors think
differently [15].

Difficulties are encountered in a more detailed
interpretation of the map especially at radii between

4.5 and 8.0 nm. The knowledge of the molecular
weight of the protein and the anhydrous density help
in this interpretation. This approach is an approximate
one at best.

The most plausible shape for the protein subunit
has been outlined in the sections presented in Fig. 6.
In most sections subunits belonging to three different
annuli can be observed; while an annulus is about
1.8 nm thick a subunit extends over about 3.0 nm in
the axial direction. The orientation of the subunit in
the polymer is such that the long axis of the molecule
is tilted slightly (20°) out of a plane normal to the
polymer axis and in such a plane the molecule is
radially displaced (see Fig. 7).

In a previous study with contracted sheath from
a mutant of Mu the protuberances at the outside were
found to have a slewing appearance [9J. This pheno-
menon is also apparent from the results presented
here.

DISCUSSION

The architectural features of phage Mu are similar
to those-of T4, the best-studied phage so far with
respect to the contractile sheath system. The differences
in molecular weight of the two types of sheat subunit
as well as the differences in quaternary structure make
the study of bacteriophage Mu interesting. The results
of the structural analysis of Mu may not only reflect
the implications of these differences but also aid in
understanding the process of contraction. The poly-
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mers of contracted Mu sheath represent a type of
structure that has not been found in T4.

The polysheath structure produced by a mutant
T4 phage is related to the contracted sheath as has
been shown by optical diffraction and supported by
serological and genetic evidence [1,10,11]. However,
differences in the stability of the two types of structure
have been detected which may point to a difference in
inter-subunil bonding. A detailed comparison is not
available yet.

The sheath structure is known to be a very stable
macromolccular assembly [17]. Thus the relatively
mild procedure to obtain the polymers is not likely
to introduce changes in the structure of the protein
subunits. In fact this procedure is used to obtain
purified single monomeric contracted sheath particles
of T4 [18]. The least-squares solution of the / = 2 data
(Fig. 3) show that in the scaling region the Gjg is not
zero but has a character similar to the background
fluctuations along lines in transform space without
a cylindrical harmonic component. In this figure the
complete solution of the two contributions is present-
ed, but only the C24 data between R = 0.28 nm~'
and R = 0.45 nm"1 were used in the reconstruction.
The calculation of the amplitude scaling factors is
not fully satisfactory as no large region of the layerline
is available consisting of a pure G2t-

Conventional microscopy has been used in the
present studies. The structures were negatively stained
and registeied using relatively high electron levels,
compared with the values employed by Unwin and
Henderson [19] in their structural studies. Therefore
the images suffered from radiation damage. The effect
of electron damage on the sheath structures will in
some way be expressed by the deviations of intraphase
differences and the correlation between particles
(Table 1). However, the averaging procedure is ex-
pected to reinforce the common features of the data
and to minimize the statistical effects due to radiation
damage. Nevertheless the stain distribution derived
may have features suggested by Unwin [20] and over-
emphasize, for example, the grooves at the outside
part of the structure.

The reconstruction outlines the protein molecules
and leaves the internal protein structure unresolved.
Individual subunits can be delected at the outside
part of the structure; the inner part 'is less well
defined especially between radii of 4.5 and 8.0 nm.
Here the density is more continuous due to a tight
packing of the subunits. It will be necessary to outline
the shape of the subunit in the extended and contract-
ed sheath in order to obtain information on the
process of contraction. In the low-resolution model
of the extended Mu sheath [9] no assignment of the
individual subunits was made. Using these unpublish-
ed data as well, some comments can be made about
the relative movements of the protein molecules and

a possible change of shape. In the extended tail the
subunits arc more curved and the long axis of the
molecule (approximately "bean" shaped) runs almost
normal to the helical axis (see Fig. 7). There is one
clear contact with the tail tube at a radius of about
4.5 nm. The protein in the contracted Mu sheath
has a more elongated form (approximate length
8.0 nm) and the long axis of the molecule is tilted by
about 20 out of a plane normal to the helical axis.
The subunit has an appendix which together with
a third of the rod makes close contacts with other
subunils in the region R = 4 . 5 -8 .0 nm. On the
assumption that the subunit remains in contact with
the tail tube, the contraction may tentatively be
envisaged as a rotation of the individual subunits
together with a change in shape. A schematic drawing
of the two states of the protein is presented in Fig. 7.
On this basis the conclusion of a change of shape is
inescapable. Amos and Klug [6] outlined the protein
in the reconstructed polysheath of T4 in such a way
that the elongated molecule was almost radially
oriented in an annulus. Also these authors decided
on an alteration in shape during contraction, which
has recently been supported by speclroscopic measure-
ments [21].

The environment of the subunits in the two types
of structure is also different. In the extended sheath
structure the main subunit contacts are confined
within annuli. In the contracted form the protein
molecules make strong contacts with neighbours in
successive rings whereas within annuli the bonding
regions are relatively small (Fig. 6).

In the case of T4 contraction there is no doubt
that the process starts with a structural change of
the base plate. Although the base plate of phage Mu
is hard to detect, there is definitely such a structure
engaged in the phage architecture [8.9]. Its detailed
structure is not known yet. Similarly to T4 phage,
contraction may be triggered by a structural change
in this base plate which is transmitted to the annulus
in contact with the baseplate. This leads eventually
to a weakening of the contacts of the subunits in this
annulus as well as a change of contacts with Ihe tail-
tube. The conformational change in the subunits
is gradually transmitted to successive rings along the
sheath and at some stage of this process the tube will
be pushed through the base plate.

Thus each annulus would be forced to expand in
the radial direction because of the structural changes
in the annulus below. Finally this results in the
contracted sheath. This process of contraction is
not a reversible one nor is it regulated such as in the
case of muscle, hut the process must be considered as
an all-or-none process. There are only two stales, one
of which (Ihe extended) must have some form of
accumulated strain which can be released by a re-
latively small stimulus.
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In a forthcoming study we will compare the
extended and contracted Mu sheath on the basis of
images obtained at low electron levels. In this way
(he structural details may be extrapolated to the
situation where the structure has suffered almost no
damage. Nevertheless we have found it useful to
analyze these conventional types of images in order
to obtain information on the preservation of the
structure and the resulting quality of the Fourier
transforms.
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CHAPTER V

The Quaternary Structure of the Sheaths
of Defective Phages Similar to PBS X
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The contractile sheaths of five defective, PBS X-like bacteriophages from Bacillus subtilis and
B. lichenifonnis were investigated by electron microscopy, dodecylsulphate gel electrophoresis and
immunodiflusion. Electron microscope images of the extended and contracted sheaths were of
similar appearance, although their lengths were different. The surface lattices of both the extended
and the contracted sheaths were determined by optical diffraction. This showed that the quater-
nary structure of the sheaths of all five defective phages originated from identical surface lattices,
which could be approximately expressed by the selection rules L = - 2H' + 3m and L - 9n' + Mm
fou the extended and contracted sheaths respectively, in which 6M' = n with n = 0 or an integer
multiple of 6. These results indicated that the packing of the protein subunits in these sheaths
differed from those of other bacteriophages, for example T4 and Mu [Amos and Klug. J. Mol.
Biol. 99, 51-73 (1975); Admiraal and Mellema, J. Ultrastrutt. Res. 56, 48-64 (1976)],

The molecular weight of the main sheath protein of the defective phages, as determined by
dodecylsulphate gel electrophoresis, was approximately 50000. This value differed from that for
T4, but was similar to that df Mu [Admiraal and Mellema, J. Ultrastruct. Res. 56, 48-64 (1976);
King and Laemmli, J. Mol. Biol. 75, 315 —337 (1973)]. The results of immunodiffusion experiments,
however, pointed to a chemical difference between the sheath proteins of the defective phages
and Mu, in addition to T4.

The contractile sheaths of a number of bacterio-
phages have been studied by electron microscopy
and image analysis techniques [1 — 7]. The results
indicate that upon contraction a rearrangement of the
sheath protein subunits occurs, corresponding to a
change in shape [1,8,9]. Other techniques such as
circular dichroism, optical rotary dispersion and infra-
red spectroscopy [10] also indicate that the protein
molecules undergo a conformational change upon
contraction of the sheath.

The results of the image analysis techniques for
the three-dimensional reconstruction of the structures
from electron micrographs depend on the availability
of relatively long stretches of helical polymers. In this
study we have analyzed the sheath structures of five
lysogenic, PBS-X-like, defective bacteriophages from
Bacillus sublilis and B. Ikhenlformis. These phages are
known to possess relatively long tails [11-16] and
therefore form an attractive model system to apply
three-dimensional reconstruction techniques in order
to study Ihe contractile mechanism.

MATERIALS AND METHODS

Isolation of Pliages

The defective pliages PBS X. PBS Y. PBS Z, PBS V
and PBS W were obtained by induction with niito-
mycin c (Sigma) of the hosts, which were respectively
B. subtilix 168 Wt. B. siibrilis var. mesemericus. D. suh-
lilis W23 slrr. B. licheniformis (type strain) and B.
sublilis var. nilgai u.s. All strains were obtained from
the bacterial collection of the Delft Laboratory of
Microbiology. Induction and purification of the pliages
have been described elsewhere [17]. Pliages T4 and
Mu were gifts from Dr C. Wijffelman and Dr R. J.
H. Okker.

Preparation of Contracted Sheaths

Purified phage suspensions were brought to pH 12
with NaOH. After a 3-h incubation at 37 C. the con-
tracted tails were collected by centrifugalion for 90 min
at 43000 rev./min in a SpincoSW50 and the pellet
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Table I. T/ic tfittn'tt.\iwi.\ a/ the vxtemhui ami /In1 anitrdttftl lulls nf tin1 th'Urtiw ptnifies
The figures represent the mean of ai least 10 measurcmcnts.The lengths of die contracted sheaths were determined from intaei
Values are given + standard deviation

Phage Extended tail

length di.imeier

Contracted tail

length diameter

nm

PBSY
PBS 2
PBSW
PBSX
PBSV

265.4 + 3.0
256.2 ± 3.0
223.5 ± 4.4
2O.V2 ± 4.4
191.4 ± 4.4

20.0 +
20.0 +
20.0 +
20.0 + .
20.0 +

137.3 + 2.3
> 127.5 + 3.0

118.5 + 2.0
108.1 + 2.0
101.0 + 3.0

21.3 + 1.7
21.3 + 1.7
21.3 + 1.7
21.3 + 1.7
21.3 ± 1.7

was resuspended in 0.01 M ammonium acetate, pH 7.2.
The suspension contained polymerized sheaths and
also single sheaths, many of which had been partially
disrupted by the high pH treatment.

Dodecylsulphate Gel Electrophoresis

The sheath protein of the various phages were
analyzed by sodium dodecyl sulphate gel electro-
phoresis according to the method of Davies and Stark
[18]. The gels, which contained 10% polyacrylamide,
were stained and destained by the procedure of Weber
and Osborn [19] and scanned at 550 nm. Apparent
molecular weights were derived after calibration of
the gels with the following commercially obtained
proteins: bovine serum albumin (68000), glutamate
dehydrogenase (53000), ovalbumin (45000), glycer-
aldehyde-3-phosphate dehydrogenase (36000) and
cytochrome c (11700).

Immunodiffusion

The cross-reactivity between PBS XI and PBS Zl
anlisera and the phages was tested by a modification
of the Ouchterlony test (Duermeyer, personal com-
munication). A glass slide (5x5 cm) was covered,
after coating with the gel and drying, with 2.5 ml of
agarose gel containing 0.9% Indubiose A 37 (L'ln-
dustrie Biologique Francaise S.A.) in a buffer at
pH 7.6 containing 0.01 M Tris, 0.1 M NaCl and
0.001 M EDTA. A template was placed onto the
surface of the gel and moved gently back and forth
to release air bubbles. The seven holes in the template
were filled with 20 ul of sample, the antiserum
generally being situated in the center. Precipitation
lines were visible after a 24—48-h incubation at 4 'C.

Electron Microscopy and Image Analysis

Negatively stained specimens of sheaths were
prepared and imaged in the electron microscope as
described previously [20]. Optical diffraction was car-

ried out with a coherent optical system built from com-
mercially available components [20]. Digital filtering
was performed after the following steps were carried
out: digitising of the electron images, Fourier trans-
formation, layer-line extraction and back transforma-
tion of the data. The digital output was displayed with
the system to be described by Schepman, Vander
Voort, Kramer and Mellema (unpublished).

RESULTS

Electron Microscopy and Optical Diffraction

Fig. I shows the results of the electron microscopy.
The extended sheaths of the various defective phages
differed only in length, and these measurements are
summarized in Table I. The values correlated well
with previous measurements [11 — 16].

The images of the contracted sheaths in Fig. 1 do
not show the intact phages, but display detached,
contracted sheath particles or linear polymers of these
structures. They were prepared as described in Materi-
als and Methods. The cores have become dissociated
from the sheaths, giving rise to the accumulation of
stain along the cylindrical axis. Contracted defective
phage sheaths had a more flexible appearance than
those of T4 and Mu. Table 1 contains their dimensions
as derived from intact defective phages. Upon con-
traction, the sheath lengths decreased to approxi-
mately 50%, of the original length, whereas their
diameters increased by about 1.3 nm in all cases.

In order to derive the packing parameters of the
protein subunits in the extended sheaths and to obtain
information about the preservation, these structures
were analyzed by optical diffraction. Fig. 2 shows a
number of optical transforms and the results of the
analyses are presented in Table 2. The extended
sheaths exhibited typical layer line patterns which, in
many cases, had a modulated appearance. Similar
patterns were obtained for all five defective phages.
The intensity maxima on the transforms of the ex-
tended sheaths were present on a set of approximately
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Fig. 1. Negatively \Uiim'*ttlvfrrlhv phtt};r\ in itw I'xh'iltlctlutitf itwttwli'tt vtwtiiiiuttittti. On Ihc lel'l lite extended slate of PBS Y wl. PBS Z (el
and PBS V (c> and on the riplit (lie contracted sheaths of PBS Y (h). PBS Z (d) and PBS V (0. The length* of the contracted tails do not
agree with the results in Tahtc f as outlined in Materials and Methods. Ma£niticationl08000x

equally spaced layerlines. Clear meridional peaks
were present at (4nm)"'. whereas the second order
of this maximum was delectable on a large number
of transforms. In the radial directions, the best trans-
forms contained information to about (3nm)"'. From
the analogy of these sheaths with the known structures
of T4 [1 - 4 ] and Mu [7 - 9 ] and the measured radial
extension of the first maxima along the layer lines 1

nd 2 (see Table 2). it followed that the cylindrical
symmetry was 6-fold. The structure of the extended
sheaths may be deserted by (i «pt of annular rings
with 6 subttnits within an annulus arranged so that
consecutive rings are rotated - 4 0 by following the
(6. 2) helical family in the structure. The (H. I) plot of
the structure is shown in Fig. 3. It must be emphasized
that the absolute hand of the lattice is not known at
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l-iy. 2 O/mtat tramfnrtm ttaivvtl (mm tin- ih-fn itw ptunn">. I lie extended sheaths of I*BS V. I'MS / , PBS V. I»»S W. PBS X ami the
corresponding transforms-arc shown in a. c. c, t* «'"<' ' l rcspccUvdy. Maxima at iliu layer lines I, 2 and 3 are visible The meridional
sptictng it siluiilcd a! (4 nmj ' In b. d and I the contracted sheaths of PUS Y, PUS / , PBS V and the corresponding transforms are
presented. The maxima on the layer lines 1, X and l) arc clearly visible
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Table 2. t''atiws obtained from optical tliffnivtion punvnis for tin* extended and cant rut tetl sheaths <>f the dvtet live
Calculated valuer I>J >J were the mean values of 10 panicles ± standard deviation

(A) Extended'sheath

Phage

PBSY
PHSZ
PBS W
PBSX
PBS V

(B) Cuiimii' itif slwath

Phage

PBSY
PBSZ
PBSV

Meridional
spacing

nm

4.0
4.0
4.0
4.0
4.0

Approximate
repeat

2.1)
2.0
10
10
2.0

Meridional Repeat
spacing

nm

32.0
32.0
32.0

tit calculated

deg.

- 40.44 + 0.40
- 40.34 + 0.25
-411.IK + (I.IK
-4(l.4fi < (1.40
-411.29 + 0.30

tij calculated

dcg.

31.86 + 0.16
31.56 + 0.25
31.15 + 0.57

Maximum R on liner line

, - .

nm '

(1.16
(1.15

0 15
0.1 ft
O.ld

, = 2

I) 12
11.14

(1.14
o . i :
0 12

•

Maximum on laver line

/ = 1

n m ' '

0.24
not determined
not determined

/ = 8

0.13

Theoretical value of
the yh maximum

0 13
0.13
« 1.1
0.13
0 13

Theoretical \alue of

0.IJ
0.13
0.13

•A;

0 21
0.21
0.21

the moment. The helical family (6,1) has been arbi-
trarily assumed to be right-handed. The selection rule
derived could be expressed as L = — 2n' + 3 HI, in
which 6n' = n with n = 0 or an integer multiple of 6.

The analyses of the contracted sheaths by optical
diflraction were facilitated by long stretches of helical
polymers, which were occasionally spontaneously
formed in the purified preparations (Fig. 1 b,d and 0-

The optical transforms of the contracted sheaths
could be indexed on a set of layer lines, approximately
equally spaced with a distance of about (32 nm)"1.
as shown in Fig. 2. Like that of the extended sheaths,
the cylindrical symmetry of the contracted sheaths
had to be 6-fold. This followed, for example, from
the radial extension of the maximum of the first layer
line (see Table 2) which must be due to a 12-slart

• 13)

(I)

12 6 6 12

B
(91
18) •

12 6

Fig.3. TIK {n.I) plulx ilir/ml(or llic i:\lcmhl i.1; ami iimlnnlfil iIIi thniilu <"/ ilif it'hviiw ;i/wjii> logfllwr with I'lMlogrni'liif ifiyAm
thrm'tlfront llw uwitrrirul ri'siillx tmil irprfxt'iitinn vylimlrival sirlfotts oj ctii-h strth-riin' til r = film. White areas represent slain. Mack regions
correspond with unstained structures. The superimposed parallelograms represent the unit cells

!
"••3
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l-c

Fip.5. Inuminottitftnian ot pluifies. The photograph shows an im-
munoditruMnn plate- from which tlic template has been removed
after incubation. The center hole of the template contained ami-
serum against PBS X and the surrounding six holes contained,
respectively, suspensions of PBS X (II. T4 (2). PBS W (31. Mu (4).
PBS '/. 15) and Tris buffer (6) Precipitation lines were only formed
with the defective phages

Fig.4. The gel pallenn ul various phage'.. (a.b.c) PBS X. PBS Z
and Mu respectively. Two major bands arc visible, those of the main
head and sheath proteins. In preparations rich in phagc tails only
lhe higher-molecular-weighl bands are present. The molecular
weight of the main sheath protein of the defective phages and of
Mu is about 50000. (d. c) The gel pattern of T4 and that of par-
tially purified sheaths of T4. respectively. The molecular weight
of the main sheath protein of T4 is different from those of the
defective phages and Mu and is about 68000

helical family. The (n, I) plot is shown in Fig. 3 B; the
(12,1) family has been assumed to be right-handed.
The selection rule derived could be expressed as
L = 9a' + 17m. in which 6n' = n with « = 0 or an
integer multiple of 6.

Low-resolution filtered images of the outer part
of bolh types of sheaths are presented in Fig. 3; they
were obtained by digital analyses of the indicated
layer lines. The layer lines of the transforms of the
extended sheaths contained overlapping contributions
of cylindrical harmonics within the resolution of lhc
data. A more detailed treatment of the implications
of the selection rule for the helical reconstruction
scheme will be presented in a forthcoming paper. The
filtered image of the extended sheath in Fig. 3 A was
based upon the presence of one Bcssel function per
layer line. In the reconstructed cylindrial sections the
asymmetric units have been marked.

Biochemical Characterize itm

Dodccylsulphatc gel clectrophorcsis of purified
samples of intact phagc particles and purified sheaths
indicated that the main sheath protein has a molecular
weight of about 50000. The gel patterns of PBS X
and PBS Z are shown in Fig. 4a and 4b respectively.

For comparison, the gels of Mu (Fig.4c) and T4
(Fig.4d) are also given. It can be seen that the main
sheath protein of Mu has a molecular weight which
is close to the value determined for the defective
phages. The apparent molecular weight of the sheath
protein of Mu has previously been found to be 50000
[7]. Purified T4 sheath protein (Fig. 4e) had a higher
molecular weight (68000) than that of Mu and the
defective phages [21 -23].

In order to test whether the sheath proteins of Mu
and (he defective phages had the same antigenic
properties, immunodiffusion experiments were carried
out. A typical result is presented in Fig. 5. The diffusion
plate, from which the template has been removed,
contained antiserum against PBS X in the centre well.
Precipitation lines were only formed with defective
phages or their tails, but not with Mu or T4. This indi-
cated that theanf igenic properties of the sheaths of Mu
and the defective phages differed, despite the close
agreement of their molecular weights. It is therefore
plausible to assume that the different quaternary
structure of the sheaths of the defective phages com-
pared to Mu is partially due to a different chemical
structure of the subunits.

DISCUSSION

The results of this investigation may be sum-
marised as follows. The contractile sheaths of a number
of PBS-X-likc defective phages have an identical

' quaternary structure, but clearly differ from the struc-
tures of other contractile systems such as those derived
from the phages T4 and Mu. The molecular weight
of the main sheath protein of the defective phages
differs from that of T4 and is similar to that of Mu.
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This similarity, however, does not imply a chemical
correspondence as they differ in antigenic properties.

The assembly of phagc tails follows a number of
discrete steps; the sheatl ;s assembled around the
core, starting at the base plate [24]. It may be that
this 'nucleus' in some .way also determines the relative
orientation of the sheath subunits in the extended
form. Alternatively the contracted sheath structures
analysed do not differ from the sheath polymers from
which other assembly components, e.g. cores, are
absent. It is therefore plausible to conclude that the
packing parameters of the sheath subunits are deter-
mined to a large extent by the subunit structure itself.

The PBS-X-like phages analysed all have the same
quaternary structure. The approximate repeats of the
extended and contracted sheaths are respectively 12
and 32 nm. The first type of structure may be de-
scribed as a set of six subunits in a ring, successive
rings being rotated — 40.00c on the basis of the selec-
tion rule and along the (6, 2) family. The contracted
sheath may be described in a comparable way. On the
basis oPthe (6, 9) family, the azimuthal difference be-
tween successive annuli is 31.76°. The measured screw
angles (see Table 2) correspond reasonably well with
the selection rules derived. Values of -40.18 to
-40.48° and 31.15 to 31.86° were calculated respec-
tively for the extended and contracted sheaths by the
method of Smith etal. [8].

The results of a full three-dimensional analysis,
which will make it possible to compare possible
changes in subunit shape, will be reported in due
course.

We would like to thank the following people: Mrs L. A. Robert-
son for correcting the manuscript. Ir W. Duermeyer (Organon.
Oss) who kindly proviocd the antisera and Mr P. C. J. Krijgsman

(or carrying oul the dodccylsulphatc gel clcctrophoresis and electron
microscopy
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CHAPTER VI

SHORT NOTE

THE RECONSTRUCTION OF A HELICAL STRUCTURE FROM PROJECTIONS
APPLIED TO A PHAGE TAIL

A.F.M. CREMERS, J.C. FISCHER and J.E. MELLEMA
Biochemisch Laboratorium, Ri/ksuniversiteit Leiden, Wassemarseweg 64, 2333 Al Leiden,. The Netherlands

Received 3 October 1978

A procedure has been described for 3D-imagc reconstruction for helical biological structures, if more than one
projection will be required to determine the contributing helical density-waves. The method was tested with a
helical protein aggregate derived from a bacteriophage. The results showed the feasibility of the proposed scheme
and yielded a low resolution picture (about 2.S nm) of the protein structure.

1. Introduction

The quantitative analysis of micrographs of biolog-
ical structures with helical symmetry by the 3D recon-
struction technique [1] is based on the assumption that
on a given layerline of the Fourier transform only one
helical density wave contributes. These functions then
can be determined by calculating the digital transform
and subsequently a three-dimensional map of the struc-
ture can be obtained by Fourier synthesis. Amos and
Klug [2] designed a method to determine the relative
orientation of helical particles from a field of these
particles, which made it possible to combine and aver-
age the data from different projections, so that the
statistical weight of the reconstruction is improved.
The determination of the amplitudes and phases of the
density waves from one projection, which is required
in the 3-dimensional reconstruction technique, may or
may not be possible depending on the structural
parameters of the helical array. This can be expressed
by the formula for the Fourier transform on a given
layerline •

Fi(R, * , l/c) = E Gn,,(ft) exp[in(* + {tr)l. (1)
n

In this expression G^i represents an n-fold family of

* The notation of the variables U according to [ 1 ].

helical density waves. The value of R at which Gnt(R)
starts to contribute significantly will depend on n and
the radius of the structure. The number of overlapping
functions which can be separated is proportional to
the number of projections available, and this will deter-
mine the cut-off value for R in the reconstruction
within the resolution range of the data [1]. In general,
different views can be collected by tilting the particles
in the microscope, and an example of such .an ap-
proach has been described by Amos [3]. If a priori
knowledge of the structure is available, sometimes
low-resolution information can be obtained from one
projection despite the fact that on a given layerline
different Gnt functions exist [4]. For spherical ob-
jects with 532 point-group symmetry, data from dif-
ferent projections have been combined to provide a
3-dimensional reconstruction of the coat of the virus
particles [5,6].

In this communication an analysis of a helical
structure will be described whereby the equations of
the type (1) were solved by combining projections of
which the relative orientation v as determined by com-
putation. In order to compute the orientation param-
eters the layerline information near the helical axis
was used, where no overlap between different Gmt

occurs. Similarly, as in the case of icosahedral par-
ticles [5,6], the number of projections required to
determine the structure to a given resolution, as well
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as the accuracy of the recovered data, may be assessed
beforehand from the character of the data included in
the analysis.

The structure which was analyzed is the extended
contractile sheath of the defective phage of B. subtilis
W23 str1 (PBS Z), of which the structural parameters
were determined in an earlier publication [7].

2. Analysis of projections

The problem of solving G^tfR) can be conve-
niently expressed by rewriting eq. (1). For each point
in Fourier space along a layerline the following rela-
tion holds:

hold:

IP]G = F. (2)

In this equation the measured transform values are
indicated by F. Each projection specifies an equation
of the type (2); the relations between the various pro-
jections are specified by the matrix P. The matrix ele-
ments contain information on the relative values o f *
and Z. To solve eq. (2) it will be necessary to have at
least as many projections as unknowns in G. In prac-
tice it will be advisable to use more projections. The
solution of the extended sets of eqs. (2) can be ob-
tained by the method of least squares.

The quality of the solution will depend on the
number of projections used in the analysis, how they
are scattered in (*, Z) space, the accuracy of the
orientation parameters and the preservation of the
structure during specimen preparation.

The condition number of {P) measures the depen-
dence of the set of linear equations. This number
represents the ratio of the maximum and minimum
eigenvalue of the matrix (P). In fact, the condition
number (C) will measure the dependence of the set of
linear eqs. (2) and the more it approaches the value of
1, the better the projections are scattered in (*, Z)
space. The maximum possible error in the determina-
tion of Gn may be assessed as a function of the accu-
racy of the orientation parameters. A new equation
of type (2) may be formulated:

[P+E]G- = F, (3)

in which E represents the estimated error values of the
orientation parameters of each projection and G^ the
new solution of eq. (3). The following relation will

KG-G)/G\<CNI(l-CN), (4)
in which C is the condition number of the matrix P
and N the ratio of the norms of matrix E and P [8].

If the inaccuracies in the parameters increase, the
maximum relative errors in the determination of G
will increase. There is a correlation between
Iff - G- \/G and the value of the condition number of
the orientation matrix. At this stage we do not know
which maximum error is still acceptable, since in prac-
tice this error may be substantially Hess.

The method described for determining the G^t

functions may also be applicable in those cases where
they are separated by a small distance in Fourier space.
See for example [2].

3. Images of sheath particles

An image of a negatively stained phage preparation
is shown in fig. la; the image was recorded at a dose
of 5000 el/nm2. The dimensions and the structural
parameters of the sheath are presented in table 1. The
data were derived from particles stained with uranyl-
acetate; similar values for the lattice parameters and
dimensions were obtained with phosphotungstic acid
containing stain solutions (unpublished results, J.C.
Fischer). Figs, lb and lc show examples of an optical
and a digital transform of the same sheath image,
which was one of the particles used for further anal-
ysis. In both cases a clear layerline pattern can be ob-
served. The helical protein aggregate consists of a set
of 6-fold symmetric annuli [7,9,10] and if the selec-
tion rule were exactly represented by / = -2n + 3m,
the structure would repeat after 3 rings, which com-
prises a repeat distance of 12 nm. The measured screw
angles (table 1), as defined by Smith et al. [ 11 ] , lie
very'close to the value derived from the selection rule.
This means that the differences in layerline altitudes
between the 6- and 12-fold density waves are so small
that they will not be resolvable in practice. Therefore
the layerline information on / = 1 and / * 2 can be con-
sidered as a linear combination of 6- and 12-fold cylin-
drical density waves as given by eq. (1).

The view parameters of the projections can be
determined from the data on / • 3 out to R * d.32
nm~' and the pure 6-fold parts of the layerline data
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Fig. 1. (a) An electron micrograph of negatively stained particles of phage PBS Z. The negative stain was 1.0% uranyl acetate solu-
tion; the electron dose used to record the image was 5000 el/nm2. The magnification is 127 O0OX. (b) An optical transform of a
negatively stained extended sheath structure. The layerline pattern is clearly visible; the meridional maximum is present at a resolu-
tion of 0.25 run *'. The layerline altitudes are marked in the figure, (c) The amplitude part of the digital Fourier transform derived
from the same particle from which the optical transform originated.
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Table 1
Structural data of the images of the extended sheath of phage PBS Z as derived by electron microscopy, optical diffraction and
computer analysis

a. General
Length of contractile sheath: 2560 nm; diameter: 20 run
Repeat distance: 12 nm;approximate selection ru le /" -2n ' + 3m;n ;

Screw angle a derived from the approximate selection rule: -40°

b. Data from projections

6n'

Projection Screw angle a IAZ] (axial difference)
between G6 and Cfj
on I* 1 (nm - 1)

Phase residual D Orientation parameters

-40.36

-40.56

-39.73

40.00

0.0045

0.0068

0.0032

0

_
35.1 c

31.8
36.9
33.9
25.0
26.4

*(deg)

0.0
18.0
19.0
31.0
32.0
48.0
47.0

Z(nm)

0.0
3.6
3.6
1.4
1.2
2.8
2.8

R scale

1.00
1.00
1.03
1.02
1.06
0.98
0.97

a The screw angle is Defined as in [9J; the hand of the structure was arbitrarily chosen.
b The phase residual is defined as in [2j.
c The 2 values in the columns for the phase residual and the orientation parameters are "near" and "far" side values.

on / = 1 and 1 = 2, where no overlap exists with Cpj
and G12 respectively. The data on / = 1 and 2 speci-
fied by 0.09 nm"1 <R< 0.18 run"1 were considered
as pure 6-fold, as the 12-fold family starts to contri-
bute at R = 0.19 nm-'. This part of the layerline
information was also used for scaling purposes. For
four particles the orientation parameters are presented
in table 1. They were obtained by the procedure
described by Amos and Klug [2]. From table 2 it fol-
lows that the four projections determine the condi-
tion number to 1.08, and a smaller number of projec-
tions consequently does increase this number.

Table 2
The condition number of the matrix [P] and the maximum possible, relative error in the determination of C as a result of assumed
inaccuracies in the orientation parameters

The solution of the set of C-functions from the
four projections is presented graphically in fig. 2. In
the maximum of these functions, the phases are more
or less constant, which is a proper feature of the solu-
tion.

As a test for the reliability of the solution the
weighted phase differences were calculated between
observed and calculated Fourier components in the
regions where the two C-functions on layerline 2 have
a maximum. In table 3 the results are listed, which
show that the averaged deviation is not more than 46°.

Combination of
projections

E\.El
E1.E3
EVEA
Ei, £2, £3
Et.E2.E4
E1.E3.E4
E\. E2* E3. £4

Condition number

6.30
1.17
1.38
1.55
1.42
1.32
1.08

Relative error in G

A * M °
AZ * Oil nm

2.99
0.22
0.25
0.30
0.27
0.28
0.24

A*«2°
AZ* 0.2 run

_

0.85
0.71
0.78
0.62

A* = 4"
AZ*0.4nm

_

8.04
4.42
6.22
2.93

;
•'

•f

•i

1
'•i
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•an

Ffc. 2. A diipUy of die amplitude* and phases of G îOR) at
theUyerlinei/* 1 and I - 2, determined by a leut-tquuei
procedure from 4 projection*. The relative weight of the
amptitadei of the various G^i(R) terms over the resolution
nateA ate 34,15,5 ,15,6 and 2 5 * of the total sum of am-
plitudes for <?0,i, 6 M . Gfi>v Gip C I W and C f t 3 respec-
tively.

Table 3
Averaged phase residual foi the solution on / • 2 and the orig-
inal data on / • 2. The averaged phase residual is defined as:

y
1
h 2
1=1 R-Rt

In. the expression i represents the number of projections

Averaged phase
residual (deg)

4 .JW
(run-1)

rt-0.11-0.21
R* 0.27-0.31
R' 0.33-0.37

13
32
46

R- 0.19-0.23
R « 0.2S-0.30
jR - 0.32-0.37

34

4.3D reconstruction

For the final calculation of the 3-dimensional struc-
ture of the extended sheath the averaged layerline
data of / - 0 and / = 3 were used to a radial resolution
of about 3.0 run and the averaged least squares solu-
tions of the two G terms on layerline 1 and 2 were
used to a radial resolution of about 2.5 run.

Hie results of the 3-dimensional reconstruction are
presented in fig. 3 as a set of photographic displays,
equally spaced perpendicular to the helical axis. Some
caution is required in the interpretation of the map, as
in one instance (fig. 3e) the stain boundary between
neighboring subunits is hard to track: The annular
rings consist of 6 asymmetric sheath units and the
same number of core units. (See for example figs. 3c
and 3d.) A sheath unit can tentatively be represented
by a U-shaped structure; the plane of the "U" is
slightly, tilted (20*) out of a plane perpendicular to the
helical axis. A drawing of the derived structure is pre-
sented in fig. 3h.

Experiments are in progress to determine the heli-
cal structure under low electron dose and making use
of a number of different stains in order to assess the
effects of beam damage and the preservation of the
structure under different conditions A similar
approach will be used with the contracted sheath
structure. For a successful implementation of the
3-dimensional reconstruction technique the procedure
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Fig. 3. (a-h). A display of the results of the 3D reconstruction; the sections are equally spaced at O.S nm perpendicular to the heli-
cal axis. Protein is white, stain is indicated by black on the photograph. In section (e) it is difficult to outline the boundaries
between neighbouring subunits. A tentative model derived from the data is presented in (h); the approximate dimensions are indi-
cated in angstrom units.

described above had to be tested, and we found it
worthwhile to report on these results.

5. Conclusions

The 3-dimensional reconstruction technique [1] for
biological structures with helical symmetry has been
applied to a case with overlapping harmonics in the
Fourier transform. Criteria have been formulated to
determine the individual density waves from a num-
ber of different projections.

It will be advisable to use more projections than
unknowns in the procedure to determine the helical
density waves. From the results it was concluded that
the quality of the projection data can be assessed
beforehand and that the method leads to a reliable
solution.
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CHAPTER VII

LOW-DOSE ELECTRON IMAGE RECONSTRUCTION OF NEGATIVELY STAINED CONTRACTILE
PHAGE SHEATH FROM BACILLUS SUBTIL1S (PBS-Z)

A.F.M. CREMERS, J.C. FISCHER, M.J. SCHILSTRA and J.E. MELLEMA
Department of Biochemistry, State University of Leiden, Wassciwarsewcg 64, 2333 A I. {.ciden, The Netherlands

Received 23 July 1979

The structure of the contractile sheath of the defective phage from B. subtilis (PBS-Z) has been investigated by low-
dose electron microscopy and image reconstruction. The extended and contracted sheath particles were imaged by means of
two negative stains which consisted of uranyl-and phosphotungstatc-comaining solutions of a pll of 4.2 and 7.0 respectively.
Images of identical parts of the same type of specimen were recorded at a total electron dose of 80 C/ni2 (S electrons/ A2)
and 4 x 10 (7m2 (250 electrons/A2). The low-dose reconstructions of the extended and contracted sheath structure in
the two stains show good correspondence and made it possible to draw the following structural conclusions. The sheath
protein in both types of structure has an elongated shape, and in both structures the long molecular axis lies in a plane perpen
dicular to the helical sheath axis. The orientation of the protein in the extended and contracted sheath is different; the
long axes differ by about 35 degrees in orientation. The reconstructions did not permit conclusions about different confor-
mational slates of the protein in both structures. These data, together with the packing parameters of the protein subunits
in the contractile sheath [ 1 ] , form the complete structural analysis of this biological structure by electron microscopy.

The radiation damage effects which have been monitored in analyzing image pairs to the full extent may be summarized
as follows. (1) Diameters of the sheath structure increase, which indicate flattening. (2) There is no loss in resolution, and
layerline altitudes of the Fourier-transformed images do not change. (3) Uranyl stain behaves differently compared to
phosphotungstate. In both negative stains the structural noise level increases upon irradiation as follows from the increase
in phase residuals of the digital layerline data. In uranyl-staincd images also more aperiodic noise appears. (4) The Fourier
amplitudes of the principal layerlinc maxima shift towards lower spatial frequencies; phases of corresponding maxima gene-
rally remain constant. This pattern is more pronounced in the extended sheath data; there is no rationale describing these
positional shifts. Moreover, in the case of contracted sheath the amplitudes of Fourier components also change more in
absolute value. Therefore the damage effects also seem to depend on the type of structure embedded in the stain. (S) In
the reconstructed images these radiation effects create artificial stain-excluded volumes of a type and at a radius which
depend on the stain and structure.

1. Introduction

Biological material consists of elements which
do not scatter electrons appreciably, so that electron
images of these objects with detailed structural fea-
tures cannot be recorded without the help of a pre-
paration procedure. One of these procedures, the
negative staining technique, makes use of heavy metal
salt in which the biological objects are embedded. In
this way not only the scattering power of the specimen
is increased, but also the biological object is stabilized
against the vacuum conditions in the microscope.
Heavy metal salts like uranyl, phosphotungstate and
molybdenate are commonly employed as staining
agents.

The relevant biological information which can be
retrieved from the negatively stained images depends
on a number of factors such as the preservation of the
biological structure during preparation, the effects of
radiation damage during imaging and the ability of
the stain to map out the biological structure. In the
case of regular biological structures the information
content of the image is conveniently expressed by the
highest spatial frequency component present in the
Fourier transform. Fourier components with a spacing
of about 2 nm are present in the best specimens. To a
large extent structural information is due to the heavy
metal salt distribution in and around the biological
macromolecuies, and it is not necessarily true that
this spacing represents the recoverable information of
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the biological object in the same sense as it has been
used by X-ray crystallographers. From the work of
a number of investigators it has become clear that
radiation damage during observation and recording
does change the information content [2,3] and even
worse causes a redistribution of the stain [4]. If this is
the case one should be very careful in the interpreta-
tion of the images and take low-dose images to derive
the structure of the object. Williams and Fischer [5]
have presented data which indicated that a flattening
took place during observation of their Tobacco
Mosaic Virus preparations. Migration of stain became
apparent from the work of Unwin [4] on a similar
type of specimen, whereas in the beautiful studies by
Unwin and Henderson [6] damage effects on the
protein structure were monitored as changes in
Fourier amplitudes of their regular specimens.

A number of techniques are available to analyze
electron micrographs of regular biological objectsin
a quantitative way. These methods are very powerful
if the structure possesses helical symmetry, as from
these images three-dimensional density maps can
be reconstructed. Moreover, methods are available to
increase the statistical weight of these image reconstruc-
tions by combining different images into the final
reconstruction. We have employed these techniques
to analyze the contractile sheath structure of the
bacteriophage from B. subtilis W23 strr (PBS-Z),
which has an abnormally long tail structure. The
electron images were recorded with very low electron
doses, and two different negative stains were used
to image the extended and contracted sheath struc-
ture, fn this way both the ability of the stains to map
the protein distribution and the damage effects could
be monitored quantitatively.

The contractile phage sheath consists of a single
type of polypeptide chain with an estimated molecular
weight of about 50,000. The packing of these subunits
(about 384 in total) within both types of sheath have
been described in an earlier investigation [1], Similarly
as with the T4 or Mu sheath [7-12] the cylindrical
symmetry of the sheath of PBS-Z in both forms is
six-fold. Besides the contractile sheath the phage tail
consists of an inner tube or core constructed from one
type of protein and with a quaternary structure which
is identical with the extended sheath ([13]; Cremers,
unpublished results). The packing parameters of the
sheath subunits of, for example, T4, Mu and PBS in

both the extended and contracted sheath are all dif-
ferent.

2. Materials and methods

2.1. Preparation of contracted sheath particles

Phage stocks of the defective phage from B. sub-
tiiis W23 str' (PBS-Z) were isolated as described pre-
viously [11. Contracted sheath particles were pre-
pared by freezing and thawing a purified phage stock,
after which the pH of the phage suspension was
brought to pH 12.0 with NaOH solution. After this
pH rise, the pH was lowered to 7.6 and the solution
incubated at 37°C for 1 h with ONAse (Merck,
Darmstadt, Germany) at a concentration of 20 Atg/ml.
After this incubation the pH was raised to 12.0 and
followed jy a second DNAse treatment under the same
conditions. The solution was centrifuged for 90 min
in a Spinco SW50-1 at 20,000 rpm and the pellet
was taken up in 1 M ammonium acetate solution of
pH 7.6. In this way a purified preparation of contracted
sheath was obtained, which also contained linear
polymers of the individual sheath particles.

2.2. Electron microscopy

A Philips EM300 was used, which was adapted to
minimum beam work in which the condensor-1
aperture holder functioned as a special beam inter-
ceptor. The microscope was operated at 100 kV. The
condensor lens control knobs were adjusted so that
a small spot size of about I nm was formed on the
specimen at a magnification of about 41,000. In this
mode the astigmatism correction and focussing on the
specimen were carried out. After this the electron
beam was intercepted by a movement of Cj aperture
holder and the condensor c2 was adjusted to a precali-
brated value, which yielded an optical density of
0.30 on the photographic material under standard
recording and developing conditions. The specimen
was now displaced to a fresh nonirradiated area and
after plate transport the cj aperture holder was put
back in the right position and the photographic
material was exposed by opening the shutter. Kodak
electron image glass plates were used as photographic
material. In this way a minimum beam exposure was



68

A.KM. Cn'int'rs ct at. I Law-dose image ivctmstittction oj etwrractite sheath

obtained at an electron dose of about 80 C/m2

(5 electrons/A2). A second micrograph of the same
field was recorded after the specimen area had been
bombarded with a total dosage of 4 X 103 C/m2

(250 electrons/A!). The dosimetry was determined
from the data provided by the manufacturer of the
image plates. The photographic material was developed
according the instructions provided by Kodak for
maximum speed (D19,12 min at 20°C). Specimens
were prepared on thin carbon foils by negative stain-
ing. The negative stains were 1% uranyl acetate (U)
solutions (pH = 4.2) or 1% phosphotungstic acid
(T) solutions neutralized to pH = 7.0 with KOH solu-
tion.

2.3. Image analysis

Image hardware such as optical diffraction appara-
tus and the densitometry set-up have been described
previously [14]. Optical diffraction was carried out
with special attention to equalize the exposure time and
the areas of the image pairs to be analyzed so that

the optical transforms could be compared.
The results of the image reconstructions were

plotted on photographic material with a system con-
sisting of a PDPU/34 and a display tube [15]. The
university IBM-370 was used for the Fourier trans-
formations and subsequent steps of the image recon-
structions. The software for the analysis was derived
from the Cambridge program library for image recon-
struction and adapted to the Leiden configuration.
The negatives were digitized on a square raster with a
step size of about 0.48 nm; this distance corresponds
to 20 pm on the photographic transparancy. In the
extended and contracted structure about 2S0 image
points were determined along the length of the
structure.

2.4. Strategy of image analysis

The helical selection rule and other structural
parameters have been determined previously [1]. In
the analysis we have assumed that the basic helical
family (G4.2) is right handed, although we do not

Table 1
Structural data of the extended (F.) and contracted (C) structure, negatively stained by uranyl (U) and phosphotungstatc (T) ions,
imaged with a low dose of S electrons/A (M) and a high dose of about 250 electrons/A (II)

EUM

EUH

ETM

F.TH

CUM

CUH $

CTM

CTH

t

Diameter (nm) • '

17.4 t 0.7

17.9 ±0.7

17.5 ±1.1

I».8±1.6 £
, , ?'•

20.4 ±1.2 yfc
•f J l i e .

"21.8 ± 1:2$ .•:i*-v

22.8 ±1.4

22.6.ifi4 ; "•••
* % -

Repeat (nm) b '

12.6 ± 0.2

12.6 ±0.2

.11.9 ±,0.1

n.9i:ff..l

-•3S.3±,3.9-.;t'

ii35.3 ± 3.9'" '•[. •

71,2^8.4 •-*-.'!'-';'

71,2 ± 8.4

Screw angle (deg)

40.66 ± 0.35 b>
(40.0) c>
40.66 ± 0.3S b>
(40.0) °)

40.17 ± 0.07 b>

(40.0) c^
40.17 ± 0.07 b>
(40.0) c>

28.14 ± 0.20 b>
(28.24) c>
28.14 ± 0.20 b )

(28.24) c>

29.09 ± 0.14 h>
(28.97) c>
29.09 ± 0.14 b>
(28.97) c>

Condition numberd'

2.43

1.94

2.69

2.82

' i i ibuivutii vaiuî a UU(I;IIIIJII(AJ .ttuiit-nii; K^K^IJUII ^uiv).«i9 aiuimu ill K;UUUII A.

^ The condition number of the urwfilatldn mairi^-js a measure for the relation in orientation between the different projections
l i e } . ,%,_ '";••'&' . l i

• % '
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Table 2
A summary of the correlation procedure of the extended (10 and contracted (O structure negatively stained by uranyl acetate
(U) and phosphodingstatc (T) ions image with a low-dose (MIN) and a high-dose (HIGH); the data (1,2), (3,4), (5,6) and (7,8)
arc derived from near and far sides of the same particle: the residuals Rmin and.the upside down residual Rmin are expressed in
degrees and were calculated according to Amos and Klug [9f; /Jm jn has only been calculated for the low-dose of the contracted
sheath structure because in the case of the extended structure Ihc attachment of the sheath to the phagc head determines the polarity
of this structure

Projections

EU-1
KU-2
UU-3
ru-4
I-U-S
EU-6

CU-1
CU-2
CU-3
CU-4
CU-5
CU-6

ET-I
J;T-2
ET-3
ET-4
ET-S
ET-6
ET-7
ET-8

CT-1
CT-2
CT-3
CT-4

Phase residuals

«min/*mln
MIN"

Ref.
25
22
36
27
22
Rcf.
43
J8/73
45/71
43/83
48/78

Ref.
30
24
35
18
33
29
26
Rcf.
56
43/67
47/67

^mln
HIGH

21
24
39
43
42
43

46
57
46
55
57
52

2S
40
22
37
27
33
22
31

42
47
58
52

Orientation parameters

MIN
«(dcg)

0
1

25
23
58
58

0
2

37
43
26
29

0
4

42
46
25
27
26
27

0
0

14
8

HIGH
t> (deg)

o»>
1

27
26
62
61

0")
- 2

38
41
29
29

o»)
3

44
42
27
26
23
27

o»)
- 4

16
12

MIN
Z(K\

0
- 1.5
- 1
- 0.5

34
34

0
- 2

34
35.5
57.5
56

0
- 1

36
34
4
4

37
36

0
2

37
39

HIGH
Z (A)

0
- 0.5

0
1.0

35
36
0

- 4
21 b)
22
51
50

0
- 1.5

36
37
4
4

37
36

0
2

39
39

MIN
«s

1.0
0.96
1.02
0.98
1.15
1.10

1.0
1.06
0.96
1.06
0.94
1.04

1.0
1.04
1.06
1.10
1.00
1.10
1.08
1.08

1.0
0.92
1.07
1.15

HIGH
«s

1.0
0.96
0.96
0.94
1.13
1.12

1.0
0.98
0.83
1.01
1.00
1.04

1.0
1.07
1.06
1.10
1.08
1.08
0.98
1.08

1.0
0.96
1.03
1.03

a ' The orientation parameters of the high-dose images have been determined with respect to the high-dose projection of KU-1 or
CU-1, CT-1 or ET-I.

b ' The deviation in the / shift with respect to the low-dose projection (CU-3) is possible because the region, which was transformed,
was not exactly the same.

know the absolute hand, which remains to be
determined. The selection rule of the structure is
exactly represented by / = -2ri + 3m (with 6ri = n
and n = 0 or an integer multiple of 6). This implies
that at resolutions higher than about S run the layer-
line information is a linear combination of two cylin-
drical harmonics (GR|{). These components are not
separated in axial direction such as occurred in the
case of T4 [9], because the individual screw angles

did not deviate substantially from the theoretical
value (see table 1).

To restore the individual harmonics on a given
layerline different projections are required. These
projections can be obtained from a field of particles,
and the relative orientation of these projections are
derived by calculation [9]. For this calculation the
low resolution data on / = 1,2,3 and 5 were used so

' that only single G,h, terms contributed in the search
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procedure. A survey of the orientation parameters
of the projections used is presented in table 2. A
measure for the relation of the different projections
is the condition number of the orientation matrix
of the sets of linear equations (table 1). It can be
seen that the condition numbers have low values
which guarantee a low degree of dependence on the ,
set of equations [16]. The recovery of the single
harmonics from the layerlines 1,2 and 5 followed
a least-squares method and it turned out that the
recovered G u . i . <?i2,i and <?f2,5 functions had a
very low weight. Therefore, in the actual reconstruc-
tions of the extended structure the cylindrical
harmonics in the Fourier summation were Go,o(/?)>
Ge,i(R), GZ,2(R) and G0,3(R) for the T-images and
the same harmonics plus the GZlS(R) for the
U-images.

The analysis of the contracted structure followed
the scheme of DeRosier and Moore [17]. The selec-
tion rule / = -Sri + 17 m of the U-stained contracted
structure implies that the G12,i is a right-handed
helical family although we do not know the absolute
hand [1]. However, from the analogy with Mu and
T4 sheath, this assignment is probably correct. It has
been remarked that the repeat of the helical contracted
structure differs in U- and T-images. The repeat
distance of the T-stained image (71.2 ± 8.4 nm) is
almost twice that of the U-stained image (35.3 ±
3.9 nm). The selection rule of the T-stained image
was found to be / = -14n' + 29m derived from the
images used in this analysis. The theoretical screw
angle for both uranyl and pta structure derived from
the selection rules is almost identical. The values
derived are -28.24 and -28.97 degrees for, respectively,
the U- and T-stained images. Layerlines 0 ,1 ,14 and
15 were extracted from the T structure and similarly
layerlines 0 ,1 ,8 and 9 from the U-stained images
to a radial resolution of about 3 nm. Contrary to the
extended structure, where the attachment of the
phage head did fix the polarity, in contracted sheath
the polarity of each low-dose projection also had to
be determined before averaging the layerline data.
The residuals and the orientation parameters for
this search can be found in table 2. For the averaging
procedure layerline data from different projections
at a given dose and of a particular specimen were
scaled according to Amos and Klug [9]. In the low-
and high-beam comparisons, these averaged data
were plotted.

3. Results

3.1. General comments

Electron images of both types of sheath structure
were recorded at a dose of 80 C/m2 (5 electrons/A2)
laid at 4 X 103 C/m2 (250 electrons/A4). The images
were taken on glass plates (see section 2); the average
optical density of the two image pairs did not differ
more than 3%. Two negative stains were employed,
a 1% uranylacetate (U) solution of pH 4.2 and a 1%
phosphotungstic acid (T) solution neutralized to
pH 7.0. With these stains both the extended and con-
tracted sheath structures were imaged. Figs. 1 and 2
represent four image pairs which formed part of the
material used in the analysis. In the extended sheath
preparations at pH 7.0 which were stained with
phosphotungstate, always a number of contracted'
sheath structures were present due to action of the
pH. Contrary to the general appearance of the extended
sheath, the contracted sheath structures appear less
straight in the micrographs.

These preparations (see fig. 2) also consist of linear
polymers of the single sheath particles and were
formed spontaneously during the preparation (see
section 2). There is a slight difference in the average
diameter in the low-dose micrographs of the contracted
sheath in the two stains (see table 1). The diameter
in the U-stained preparations measures 20.4 ± 1.2 nm
versus 22.8 ± 1.4 nm for the contracted T-stained
sheath. The extended sheath diameter in the low-
dose micrographs of the two stains is 17.4 ± 0.7 and
17.5 ± 1.1 nm respectively for the U- and T-preparations.
It appears that after the longer irradiation all the dia-
meters of the sheath increase, except for the T-stained
contracted structure (table 1).

3.2. Optical diffraction

In order to assess the state of preservation of the
structure and to monitor the irradiation effects, the
electron images were analyzed by optical diffraction.
The optical diffraction patterns of the low- and high-
dose sheath particles were taken under identical con-
ditions (see section 2). A number of general observa-
tions from the analysis will be discussed. The optical
transforms of the extended sheath structures show
a clear layerline pattern spaced at about 12 nm
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Fig. 1. Electron micrographs of negatively stained particles of the extended structure of phage PBS-Z. Radiation series of the
extended structure negatively stained with a 1% uranylacetate solution at pH - 4.2, (a) and (b), and with a 1% phosphotungstic
acid solution at pH = 7.0, (c) and (d). The electron dose used to record the image in (a) and (c) was about 80 Vim2 (5
electrons/A2) and the dose in (b) and (d) about SO times this value (4 x 103 C/m2 = 250 clectrons/A2). The T-stained micro-
graph shows more contracted sheath particles, due to the action of pH of the stain solution. Electron-optical magnification
X41.000.
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Fig. 2. Electron micrographs of negatively stained particles of the contracted structure of phage PBS-Z. Radiation series of the
contracted structure negatively stained with a 1 % uranyl acetate solution at pH - 4.2, (a) and (b) and with a 1% phospliotungstic
acid solution at pH = 7.0, (c) and (d). The electron dose used to record the image in fa) and (c) was about 80 C/m^ (5
electrons/A2) and the dose in (b) and (d) was about 4 X 103 C/m2 (250 clcctrons/A2). Except single contracted sheath particles
there also are visible some polymers of this structure. Electron-optical magnification X 33,300.
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Min Beam High Beam

Min Beam PTA High Beam

Fig. 3. The low-dose extended sheath negatively stained with uranyl acetate and the corresponding optical diffraction patterns of
the low (5 electrons/A2) and high (250 electrons/A2) dose arc shown in (a, b). For the T-stained specimens the optical diffraction
patterns of the low (S electrons/A2) and high (250 electrons/A2) dose presented in (c, d). In all transforms the maxima on layer-
lines 1,2 and 3 are clearly visible. In the U-staincd optical transform intensity maxima arc also present on laycrlincs 5 and 6. The
resolution and the layerlines altitudes do not change during the irradiation. In an irradiation scries the optical diffraction patterns
were taken under identical conditions so that the optical transforms could be compared. The noise in the optical diffraction pattern
increases for the U-stained specimen during the irradiation.
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min Beam PTA high Beam

Fig. 4. Low-dose contracted sheath particle and the corresponding optical diffraction patterns of this structure, negatively stained
with uranyl (a, b) and phosphotungstate ions (c, d) at a low and Jiijili electron dose have been presented. A layerlinc pattern is
visible in both cases. The repeat distance for the T-staincd structure is about twice the value of the U-staincd structure. Similarly
as for the extended structure the noise in the optical diffraction patterns of the U-stained specimen increases during the irradiation.
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(table 1), both for the uranyl and phosphotungstate
images.

In well preserved specimens, apart from the equator,
three layeriines are always present. In the U-stained
specimens sometimes information on / = 5 and 6 is
detectable. An example of a set of transforms of
the extended sheath is presented in fig. 3. In the high-
dose transforms of the U-stained sheath more aperiodic
noise appears to be present than in the low-dose trans-
forms. Also small displacements in intensity maxima
along the layeriines towards the meridian become
apparent. These displacements will be analyzed in a
quantitative way as described in the next section. There
are no indications that in the high-dose images the
resolution has deteriorated, as a clear layerline pattern
is still visible to the same axial and radial resolution
as in the low-dose case. The same conclusions emerge
from the transforms derived from the T-stained
extended sheath structure, although there is a much
lower noise contribution present in the high-dose trans-
forms.

The transforms of the contracted shealh (fig. 4)
contain a less elaborate layerline pattern than the
spectra of the extended sheath. Three clear layeriines
are found in the optical transforms and similarly as
in the case of the extended sheath the higher-dose
pictures still contain the information to the same
spatial frequencies. Again there appears more aperiodic
noise in the diffraction patterns derived from the
strongly irradiated U-stained images than in the ones
from the T-stained images and slight changes in the
positions of the layerline intensities towards the meri-
dian have taken place.

The repeat distance of the helical lattice in the
U- and T-stained preparations is different. The layerline
spacing of the U-stained structure is 35.3 ±3.9 nm and
71.2 ± 8.4 nm in the case of T-stain (sec table 1).
This difference does not influence the validity of the
analysis to be described next, as it only is an expression
of the packing geometry of the protein subunits out-
lined by the stain. The implications of this will be
discussed later on. In order to analyze the images in
more detail a large number of projections were
Fourier-transformed in a digital way and the layer-
line information was averaged in the course of the
3D-image reconstruction.

3.3. Analysis of digital transforms

In this analysis the micrographs were digitized
and Fourier-transformed (see section 2) following
standard routines. The layerline information was
extracted and averaged in all the examples analyzed.
In table 2 the results of the most important parameters
in the data analysis are presented. As the contracted
sheath did not show a visible polarity, in this case also
the phase residual for reversed polarity was calculated
from the low-dose data (see section 2). Each structure
taken at low electron dose has a corresponding one
recorded at a dose SO times higher. The averaged optical
density of the transformed area of the image pairs which
had a value of about 0.30 did not differ more than 3%
in the image pairs. The outcome of the digital analysis
of the layeriines makes it possible to present averaged
results in which data from a number of different
projections have been included. The final averaged
data of layerline 1,2 and 5 of the extended structure
were calculated according a least-squares procedure
(see section 2).

The averaged data of the other layeriines of the
extended sheath and those derived from the contracted
structure were calculated according the method of
Amos and Klug [9]. The results are presented in pairs
(figs. 5 and 6) as layeriines of continuous Fourier
amplitudes with the phases indicated in the maxima.
From fig. 5 it will become clear that by comparing
the image pairs, the positions of the main amplitudes
in the high beam data shift to lower frequencies with
conservation of phase.

In general, the subsidiary maxima also exhibit this
pattern, although a number of amplitude modulations
have disappeared or have become smaller. This is particu-
larly apparent in the data of the T-stained structure.
The data of the contracted sheath show that generally
both the amplitudes and their positions change. The
Fourier components on the layeriines shift towards
lower frequencies whereas the phases of the maxima
remain roughly constant, except for the data on / = 0.
The change of the amplitude and the shift of its posi-
tion are pronounced in the uranyl-stained structures
and are hardly present in the T-images.

In both structures the displacement of the ampli-
tude maxima along all tl • layeriines is not simply
linear and is more complex than only a flattening of
the structure would have caused.

I
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Fig. 5. Avenged Fourier components (amplitude (F) and pJnue angle) of liyerlines 0 . 1 , 2 and 3 of the uranylacetate, (a)-(d), and rdiosphotuniatic acid, (e)-(h),
stained extended structure. Avenged low-dote data are indicated by • continuous tine, high-dose data by a stippled line. The phase has been indicated in the ampli-
tude maxima. For all layerlines the amplitude maxima shift to lower frequencies whereas the phases in the corresponding maxima are in good agreement.
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Fig. 6. Averaged Fourier components of layerlines 0 , 1 , 8 and 9 of the uranylacctate and laycrlincs 0, 1, 14 and 1S of the phototungstic acid stainc.d contracted struc-
ture. The presentation of high- and low-dose data is similar to fig. S. Besides a chance in position also a change in amplitude takes place.
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Fig. 7. A gallery of sections of the averaged extended shealh structure perpendicular to the helical axis. These sections are photographic displays of the digital density
distribution; protein is white. The sections are spaced at intervals of I nm. The sections (a) (d) have been calculated from the averaged data of the U-stained struc-
ture. Each of these sections has been divided in two halves, the data of the weakly irradiated specimens are presented in the upper half (MB) and the data of the
strongly irradiated specimens in the lower half (HB). lor the T-stained structure the results of the low- and nigh-dnsr are presented in an identical way in the sections
(c)-(h). Section (a) of the U-staincd structure has the same orientation as section (e) in the T-staincd structure. The low-dose reconstruction of the uranyl-stained
structure shows good correspondence with the results of the T-stained reconstructed image. Only section (d) differs markedly from section 111). The differences
are probably due to the character of the negative stain solutions.
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3.4. Image reconstructions

In order to determine the lo,. resolution shape of
the stain-excluded volumes a three-dimensional
Fourier-Bessel synthesis was carried out. For the
extended structure the layerlines included were / = 0,
1, 2,3 and for the U-stained structure also / = 5 to
a radial resolution of about 2.2 nm. The contracted
sheath was reconstructed with the / = 0 ,1 ,8 and 9
data (for phosphotungslatc / = 0, 1, 14 and 15) to a reso-
lution of about 3 nm. The results are represented in

figs. 7 and 8 in such a way that each section consists
of the low- and high-dose data, which are the upper
and lower half of the photograph respectively. The
four sections a, b, c and d of the reconstruction of
the uranyl-stained extended sheath (fig. 7) have the
same orientation as the sections e, f, g and h of the
T-stained images. This way of presentation has also
been used for the reconstruction of the contracted
sheath in fig. 8, although in this case only two sections
are shown.

In the uranyl sections of the extended structure

uo,

M.B.

H.B.

a
PTA

M.B.

H.B.

Fig. 8. Photographic displays of sections perpendicular to the helical axis of the averaged contracted structure. The stain-excluded
volumes (protein) are white. The sections of the uranylacctate-stained structure arc presented in (a) and (b). Sections (c) and"(d)
contain the results of the T-stained structure. Each section has been divided in two halves, the upper half contains the low-dose
data and the lower half the high-dose data. The spacing between the two sections is I nm. Section (a) is in the same orientation as
section (c). There are discrepancies between the low- and high-dose dala for both negative stains. The stain-excluded volumes
(protein) in the low-dose data show a more continuous appearance than the corresponding high-dose data. The low-dose results of
the U-stained structure are in good agreement with the low-dose results of the T-stained structure.
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Fig. 9. Projected contours of the reconstructed density
contributions of the averaged sheath structures, which indicate
the low-resolution shape and the orientation of the protein
subunit. Two contour lines have been drawn in each section
and three successive sections have been superimposed in each
case. The spacing: between these sections perpendicular to the
helical axis is 1 nm. In (a) and (c) a long axis has been drawn
in the protein subunit. During the process of contraction a
rotation of this long axis over 35 deg in the projected plane
can be thought to take place.

the low- and high-beam reconstructions seem to have
a corresponding density distribution. However at a
low radius (5 nm) the stai..-excluded area (protein)
in the high-beam reconstructions becomes larger,
especially in sections c and d. The radial positions of
the stain-excluded areas in the lower halves all move
outwards. In the phosphotungstate sections there are
some larger differences between the upper and lower
halves, especially in sections g and h. In all four sec-
tions changes become apparent at lower radius. Simi-
larly as taj the U-stain reconstruction there is a radial
displacement of the staining reagent.

Ideally one would expect the two reconstructions
with the U- and T-stain to be similar, especially at
low dose. This correspondence is present in the section
pairs b, f and c, g. In section d, h an azimuthal dis-

position of the protein has taken place, whereas in
section a, e the protein density appears at different
radii. The reconstructed contracted sheath structures
(fig. 8) also show influences of high dosage. For both
stains in the high-dose sections (the lower halves) the
stain-excluded areas become interrupted at a radius of
about 8 nm, whereas they appear continuous in the
low-dosage images. There is a good correspondence
between the two differently stained low-dose images;
this correspondence is less in the high-dose pictures.

The general agreement between the U- and T-stained
reconstructions at low-dose allows a further analysis
of the structural data. The sheath structure in both
forms can be represented by stacked six-fold annuli
of subunits, although the interlocking of these rings
and their azimuthal relations in both types of sheath
structure are different. To obtain more information
about the low-resolution shape of the protein in those
annuli, from each reconstruction three consecutive
sections perpendicular to the cylindrical axis were
contoured and projected. The result is shown in
fig. 9. The sections are spaced 1 nm and in all sections
different contours are drawn at the same levels.

The orientation of the extended sheath data derived
from the two stains is similar; this also applies to the

• contracted sheath projections. The relative orientation
of the two types of sheath structure is not known,
but in the drawing it has been assumed that the attach-
ment point of the protein subunit with the tail tube is
identical in both structures.

In all the four projections of fig. 9 it becomes appa-
rent that the low-resolution stain-excluded volume is
elongated, so that the protein subunii must have an
asymmetric shape. Therefore, a long axis has been
drawn in the U data and it appears that in the corre-
sponding T data this axis has the same orientation.
The difference in orientation between these axes in the
extended and contracted sheath configuration is about
35 deg.

4. Discussion

The main results from our investigation may be
summarized as follows; First: at low electron dose
(5 electrons/A2) the reconstructed T- and U-stain
distributions correspond reasonably well, although
there are slight differences in the detailed reconstructed
density. These differences may be due to the character
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of the staining reagents employed, so that no unam-
biguous shape determination will be possible. Second:
uranyl (U) and phospliotungstate (T) stain distribu-
tions depend on the electron dose used to image the
specimens in the microscope. The detailed changes
in the scattering density must be due to a migration
of stain, and in this respect uranyl behaves somewhat
differently from phosphotungstatc. The structure
of the biological object probably plays also a role in
the changes of stain distribution induced by electron
bombardment.

4.1. Structural results

The results of the low reconstructions are summa-
rized in fig. 9. It appears that the general shape of the
stain-excluded volumes and therefore the protein den-
sity distribution tends to be very similar. At low reso-
lution the sheath^ subunit has an elongated shape. The
orientation of theprotein subunit within a six-fold
annulus differs for the extended and contracted sheath;
this difference in orientation is about 35 deg. In the
drawing (fig. 9) we have assumed that the orientation
of the protein with respect to the tube is identical.
Apart from the correspondence in shape and direction
of the main subunit axis in the U- and T-stained recon-
truction, there are minor differences. These structural
differences are due to the staining reagents employed,
as will be discussed later. The determination of the
shape of the.sheath protein in its two states will suffer
from these imperfections of the preparation technique,
and therefore a detailed comparison is questionable.
This limitation of the negative staining technique
has already been pointed out by Mellema et al. [18];
Smith et al. [10] and Aebi [19].

The three-dimensional structure of contractile
sheath has been investigated by a number of authors
[9,10,12]. To some extent the results of these investiga-
tions may have been influenced by radiation damage
effects. This is the case in earlier work from our
laboratory [12] although the derived shape corre-
sponds to these data. Amos and Klug [9] have con-
cluded from their results of T4 sheath reconstructions
that during contraction a change in subunit orientation
takes place. The subunit boundaries derived from their
maps also suggested a small change in shape of the
individual subunits.

The packing of the protein in the contracted

structure is slightly different in two negative-stain
solutions. However, these differences in packing do
not influence the validity of the comparison of the
two image reconstructions. The numbering of the
laycrlincs may at first glance indicate large structural
differences, though this is not the case as follows
from the values of screw angles (see table 1). A
similar situation arises when identical molecules arc
crystallized in two different crystals forms and are
analyzed by X-ray methods [20].

The general level of the optical density of the
photographic information cannot be lowered sub-
stantially for the structures analysed. The number
of repeating units in the sheath particle is about
360 in the length direction, which is too small to
make use of the averaging methods of Unwin and
Henderson [6] and Kuo and Glaeser [21] to decrease
the total amount of electrons necessary for imaging.
However the optical magnification to extract the
information for the reconstructions to a resolution
of 2 nm can be lowered to 20,000X. This means that
a factor of four could have been gained in the reduction
of electron intensity, which would have allowed a
dosage of about 2OC/m2 (1 electron/A2), a value of
the same order of magnitude as employed in our
reconstructions.

The only question which remains to be answered
is the extent of radiation damage brought about in
the first stages of electron bombardment and with
a much lower dose than employed here.

4.2. The effects of radiation damage

A number of pertinent observations on radiation
damage effects have been described in the literature.
By monitoring the fading of intensities in the electron
diffraction pattern, Glaeser [3] has shown that radia-
tion damage of biological macromolecules limits
the resolution to about 2 nm. His work suggests that
relative changes of the intensities include a redistribu-
tion of the stain molecules. Unwin [4] has indicated
that during the electron irradiation of stacked disc
aggregate negatively stained with uranyl acetate also
a migration and a redistribution of the stain takes place.
This caused the intensity maxima in the optical and
digital transforms to shift to higher frequencies. As has
been shown in the section 3 and will be discussed
later, our data show the opposite effect. Unwin sug-
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gests that after a very low electron dose (1—5 electrons/
A2) protein and stain form a quasi-stable scattering
distribution. At higher electron dose a migration of
the stain takes place, which is also dependent on the
embedded protein. Also from the results on negatively
stained single glutamine synthetase molecules a
change in the stain distribution has been detected
[22]. These general effects of migration of stain and
the appearance of noise have been supported by the
work described by Baker [23].

The effects of radiation damage on negatively
stained contractile sheath particles have been clearly
established in this study. In general the diameter of
the sheath structures increases as follows from the
data presented in table 1. The most likely explana-
tion for this increase is a flattening of the structure
under the high electron dosage during irradiation.
It is not clear which type of sheath structure is more
susceptible to flattening. A more detailed analysis of
the radiation effects follows from the analysis of the
optical and digital Fourier transforms in the course
of the three-dimensional reconstruction. In compar-
ing optical transforms of U- and T-stained specimens
more aperiodic noise appears to be present in the
higher-dose images of uranyl-stained specimens (see
section 4.3) and also in the higher-dose images of
both stained specimens small changes in intensity
position along layerlines are detectable (see figs. 3
and 4), The positional shifts of intensities followed
the same pattern for each individual projection anal-
yzed so that the averaging procedure [9] yielded
representative results. Invariably the maxima of the
Fourier amplitudes move towards lower frequencies
(see figs. 5 and 6). In particular for the extended
sheath, the amplitude maxima shift whereas the cor-
responding phase remain constant. Fig. Sb is a good
example of this general appearance. However, the
change of scale is not just constant but differs from
maximum to maximum, so that the structural changes
do not follow an isotropic pattern.

The information derived from the contracted sheath
structures as a function of electron dose shows another
type of pattern. Here, there are more changes in values
of amplitude maxima especially in the U-stained data
(see figs. 6b and 6d). The phase relations between cor-
responding maxima in a low- and high-beam exposure
Still hold. This pattern of changes suggests that the
negatively stained contracted sheath structure is more

susceptible to higher electron dose than the extended.
This may be due to a difference in structural integrity
of both types of sheath. The contracted sheath is a
hollow cylindrical protein aggregate, whereas the
extended sheath probably possesses more structural
stability due to the presence of the inner tube. In the
dose range employed neither a change in resolution
nor in the layerline altitudes has been detected.
Therefore, the stain still outlines the gross details of
the structure after 4 X I03 C/m2 (250 electrons/A2),
but slight changes have taken place. These changes
can partly be explained by a migration of stain, as
postdated by Unwin [4], but it emerges from our
work that also the type of embedded structure influ-
ences the radiation effects. Another indication of the
conservation of the low-resolution information is the
fact that the orientation parameters are only influenced
to a minor extent by the higher dosage (see table 2):
This indicates that the migration and contraction
of the stain takes place over the complete particle
in a corresponding way. Also it is apparent that in
most cases the phase residuals of the high-beam struc-
tures are higher than the corresponding low-dose
ones (see table 2). This behavior shows that for both
staining reagents the structural noise level increases
during irradiation.

4.3. Differences in behavior of both negative-stain
solutions

Theismall differences in the low-dose reconstruc-
tions imaged by the U- and T-stain no doubt reflect
the character of these negative stain solutions. The
phosphotungstate ion is bulkier than the uranyl ion
and possesses another net change. The difference
in the pH of the negative stain solutions may also
have had an influence on the results of the recon-
structions.

From a comparison of the Fourier transforms
of the extended structure it emerges that the U-stained
images contain more periodic information than the
T-stained images. For example only in the former
case diffracted intensity on / = 5 and / = 6 is visible.
Furthermore the definition of the contours of con-
stant electron density in the two reconstructions
differs. The derived U-stain distribution generally
has a more pronounced shape than the T-stain ones,
which show a smoother density distribution. From
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(b)T-stain otter electron borrfecrtftiem

U or T-statn profile
before irradiation

after electron bombardment

Fig. 10. A schematic representation of the behavior of
phosphotungstate and uranylacetate-stuin under the influence
of the electron bombardment. In the drawing it has been
assumed that the supporting structure (thick line) docs not
change under the higher beam conditions. Phosphotungstate us
well as uranyl scattering centers break up but the former stain
shows more cohesion than the latter one. Uranylacctatc also
transforms into small granular lumps.

this we can conclude that the smaller uranyl ions
penetrate deeper into the sheath structures. The
behavior of the two negative stains during irradiation
differs. As known from the work of Unwin [4] and
supported by the results of Baker [23] the uranyl
stain shrinks under electron bombardment in the
microscope and is dispersed in smaller scattering
centers. In this way not only the regular features
of the structure are accentuated but also aperiodic
noise may appear in the complete transform with-
out preference for a particular frequency due to
random redistribution of these centers. Phospho-
tungstate-containing stain follows the same pattern
upon irradiation but the aperiodic contributions in
the transforms are substantially less. This suggests
that there is more cohesion in the scattering density
distribution so that compared to uranyl phospho-
tungstate behaves in a more liquid-like way. Fig. 10
exemplifies this behavior in a very schematic manner.

4.4. Conclusions

We found this study necessary in order to get a
quantitative picture of the preservation and correla-
tion of the structural details by use of different
negative stains. The results clearly indicate the need
to.specify the beam intensity during recording and
to develop methods to image the specimen with no
damage effects. As this last may still be far away
in the future for all types of specimens, the electron
microscopist investigating small protein aggregates
or molecules at high resolution ought to assess the

effects of radiation damage and cannot do better
than imaging the structure at the lowest possible
dose.
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CHAPTER VIII

AN ELECTRON MICROSCOPIC INVESTIGATION OF THE STRUCTURE OF ALFALFA

MOSAIC VIRUS

A.F.M. Cremers, G.T. Oostergetel, M.J. Schilstra and J.E. Mellema

Minimum beam electron microscopy and the 3D reconstruction
technique were used to analyse negatively stained Alfalfa Mo-
saic Virus particles and polymers of reassembled coat protein.
Three strains of the virus were investigated: strains 425 and
15/64 and the VRU strain.
The quaternary structure of the protein coat is based on a
hexagonal net; in the VRU strain the orientation of this p6
lattice with respect to the cylindrical axis is not unique,
so that different structures exist. In all strains the so
called 'stacked' form is present, whereas in the VRU strain
also the 'helical' forms of the lattice appear. The hexagonal
cell dimension is 84 8. In those instances where cylindrical
structures are formed by reassembling coat protein with or
without the presence of nucleic acid, the quaternary structure
of these products is similar to the parent virus structure.
Image reconstruction shows that at low resolution (30 8) the
density distribution in negatively stained VRU virus particles,
reassembled VRU coat protein tubes and VRU coat protein struc-
tures assembled in the presence of nucleic acid is similar.
The protein is distributed in the p6-cell so that stain accumu-
lating centers exist at the symmetry positions especially at
the outside part of the cylindrical structure. The data suggest
that the AMV-coat protein mulecules are arranged in a relative-
ly open network.
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INTRODUCTION

In a preceding paper (S. Cusack, A. Miller, P.C.J. Krijgsman

and J.E. Mellema, 1980 submitted) the low-resolution distribution of

protein and nucleic acid within Alfalfa ?losaic Virus (AMV) particles

was determined by low-angle neutron scattering. Thus far, structural

studies on A W were performed by electron microscopy of the so-called

VRU strain, which contains relatively long particles, well suited for

image analysis (Mellema and Van den Berg, 1974; Mellema, 1975).

Optical diffraction revealed two types of p6 lattices which were

called the 'stacked' and the 'helical' form. Only the 'stacked' form

was analysed in detail.

IIJ this study we have analysed the AMV 'helical' structure by

minimum beam electron microscopy and the 3D reconstruction technique.

A number of AMV strains were used and also reassembled coat protein

polymers obtained with and without the presence of nucleic acid in

the reconstitution mixtures. The reason for undertaking this study

was to compare the 'helical' structure with earlier results on the

'stacked' form and to obtain information on the occurence of the

polymorphism in the different strains.

MATERIALS AND METHODS

A. Biological material

AMV strain 425 and 15/64 were grown on Niaotiana tabaaum and

were harvested 5 days after inoculation. Strain VRU was grown on

Niootiana tabacum var. White Burley. The procedures for isolation

and purification have been described by Van Vloten-Doting and Jaspars

(1972). Coat protein was isolated according to Driedonks et at.,

(1976); all buffer solutions in the isolation and purification con-

tained 0.1 mM phenylmethylsulfonylchloride as an inhibitor for pro-

tease.
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Polymerization of coat protein in the presence of calf thymus

DNA (Boehriiiger, Mannheim, FRG) was carried out by mixing equal vo-

lumes of DNA in 0.02 M TRIS/HC1, 0.2 M KC1 and 0.01 M EDTA pH 7.0 and

AMV protein in water at a weight ratio of 1 : 5. Reassembly conditions

of coat protein were described by Driedonks et at. (1978-a, 1978-b)

and Lebeurier et at. (1975).

B. Electron microscopy and image analysis

Electron micrographs were obtained with a Philips EM-300 at 100

kV and preferably taken under minimum beam conditions (Cremers et at. ,

1979). The electron dose of the images ranged from about 5 to 10 elec-

trons/A*2.

Specimens were prepared according to the method of Valentine t.c

at. (1968), by using 1% uranyl acetate (pH 4.2) as a negative stain.

Optical transforms were obtained with the apparatus described previous-

ly (Mellema and Van den Berg, 1974)-

The images were digitized with a densitometer interfaced to a PDP

JI/34. The densitometer was constructed at our laboratory and its per-

formance will be described elsewhere (J.A.P. van der Voort, in prepa-

ration). Digital image analysis took place in the way described earlier

(Cremers et at., 1977) o'n the university IBM-370 or was performed by

the PDP 11/34. In this last case the images were only Fourier trans-

formed to estimate preservation and information content. Photographic

displays of the reconstructed density were obtained by means of the

display system described by Schepman et at. (1978).

C. The surface lattices of AMV

As was described in earliei publication the 'stacked' lattice of

the AMV coat structure is based on a hexagonal net with three fold sym-

metry. The surface lattice is shown in Figure 1 and in this figure it

is also shown how the polymorphic forms are thought to originate from

the basic p6 lattice. By connecting lattice points 0 with 0j, 0 with

O2 and 0 with O3, the distance between 0]02 and O2O3 being one repeat
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Helical 2

Helical 1

Stacked

Figure 1. A p6 surface lattice derived from a cylindrical
structure with 3-fold symmetry is shown in a). Indicated
in the Figure is the unit-cell dimension of 84 A. Two
other cylindrical lattices can be derived from the surface
lattice by connecting 0 with 0£ and 0 with O3 respectively.
The 3-fold structure originates by connecting 0 with 0].
The 3 resulting cylindrical nets are drawn in b). In c)
three n-1 plots are indicated which originate from these
different structures. In the 'stacked' lattice there is a
meridional maximum at 1 = 2 with a spacing of 42 A. In the
helical forms the helical families derived from the 42 A
pitch of the 'stacked' lattice, define an angle of 11 and
2! degrees with the 1-axis in the plots as drawn in the Fi-
gure. In each case the theoretical repeat of the structure
(R) is given.

in thp axial direction, cylindrical lattices are formed which have 3-

fold, 2-fold and '1-fold' cylindrical symmetry respectively.

In earlier work the spacing of the meridional maximum of the

'stacked' lattice was found to be 40 A but from this study the value

of 42 A appears to be more accurate (see Table I). This meridional

maximum transforms into an off meridional maximum for both 'helical'

lattices. The spacing of this helical family is 42.8 and 45 A for

respectively the 'helical 1' and "helical 2" lattice. The angle
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TABLE 1. Structural data for AMV surface lattices. For the nomenclature
of the lattices see Figure 1 .

Type of lattice

Observed meridional
maximum in the
optical transforms

Selection rule

Observed screw-angle
(degrees)

Theoretical screw-angle
(degrees)

Theoretical dislocation
angle (a) in degrees

Dislocation angle from
VRU-protein tubes

Dislocation angle from
VRU virus particles

'stacked'

41.8 + 1.8 A*

1 = n' + 2m
n1 = n/3

-

60.0

0

not found

0

'helical-1'

27.7
(27.

1
n

63

64

10

11

12

i

.3

.3

.7

.6

.8

+0.1 Xa

5"8)d

5n' + 14me

= n/2

+_ 0.1

+ 0.9

+ 1.8

'helical-2'

(13.1 A 1) 4

1 = lln + 62m

-

63.9

21.1

20.2 + 2.0

not found

a. Values are presented as mean values and standard deviation of the
mean.

b. Values determined from negatively stained AMV-425 particles.
The same values were obtained for negatively stained AMV-15/64
particles.

c. Values determined from negatively stained VRU particles

d. Theoretical values based on the 84 8 repeat.

e. This selection rule is different from the one derived by Hellema
and Van den Berg (1974), who postulated 1 = 6n' - 17 m, in which
n1 is an integer multiple of 2.
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a between the lattice lines 00] and OO2 and between 00j and 00^ can

be derived from the geometry of the lattice. It can be shown that a

equals the angle between the helical families derived from the 42 A

pitch of the'stacked1 lattice and the meridian in the nl- plot. The

value of a is 0, II and 21 degrees for respectively the 'stacked',

'helical 1' and 'helical 2' lattice.

The selection rules for the 'helical' lattices can be easily cal-

culated and are presented in Table 1; the repeat distances are given

in Figure 1. The basic helical family ir. the 'helical I' and 'helical

2' lattices was arbitrarily chosen as left handed. This type of poly-

morphism has been described in the literature for example in the case

of T-even phage heads (Yanagida et at., 1970 and Leonard et at., 1972)

and a virus of the papilloma-polyoma type (Kiselev and Klug, 1969).

From the nl- plots can be derived that the 'stacked' structure is not

suitable for the 3D reconstruction technique, which will be explained

in the Discussion.

The diameters of the cylindrical lattices, 139, 141 and 149 A

for the 'stacked1, 'helical-1' and 'helical-2' respectively have been

calculated from the unit-cell dimension of the hexagonal cell. The

measured average values for the cylindrical diameter of the AMV par-

ticles and reassembled structures r?nge from 180 to 200 &, as de-

termined on carbon. The discrepancy between the theoretical and the

actual values for the diameter are likely to be explained by the

particular radial density distribution of the virus.

D. Strategy and details of the three dimensional reconstruction

For the analysis of the 'helical-1' structure of the VRU virus >•'.

and of the reassembled coat protein with and without nucleic acid a ;

number of well preserved particles of each species, as judged by op- j

tical diffraction analysis, were digitized and their Fourier trans- J

forms calculated (De Rosier and Moore, 1970). jt

The theoretically derived selection rule of the 'helical-1' lattice k

and some structural parameters are represented in Table • 1. ;
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To increase the signal to noise ratio of the data several in-

dependent views have been collected in the final 3D-reconstruction

of the different objects. The relative orientation of the two dimen-

sional projections was determined according to the method of Amos and

King (1975). The phase residuals R ($, Z, R ) of the different
scale

views with respect to the average data are represented in Table 2.

TABLE 2. Survey of reconstruction data derived in the course of the
analysis.

Projections

Average
I
2
3
4
5
6

VRU-virus

Rmin Rmin

in degrees

a

-
27.7
36.1
38.3
30.0
29.2
32.3

b

21.0
29.2
23.5
38.1
34.A
27.3
31.3

VRU-protein

Rmin Rmin

in degrees

a

-
37.7
A7.6
A3.2
A7.3
A6.6
A7.3

b

29.2
35.1
32.1
37.4
38.2
38.6
32.6

VRU-protein -

Rmin

*• nucleic acid

Rmin

in degrees

a

-
29.3
3A.5
35.6
A8.5
40.5
-

b

28.8
35.0
27.9
32.1
37.2
35.1
-

The phase residuals (Rmin) in columns a were calculated with respect
to the averaged data according to the method of Amos and Klug (1975).
The phase residuals of the repolymerized protein have been computed
from the data on layerlines 6, 8, 9 and 10 to a radial resolution of
33 A whereas in both other cases (VRU virus and the repolymerized
protein with nucleic acid) also the data on layerline 14 have been
included in the calculation of the phase residuals.
The departure of 2-foldness of each structure is represented in columns
b, as phase residuals defined by Amos and Klug (1975). These values
are very low compared to the other structures with known 2-fold sym-
metry (Mellema and Klug, 1972).

The average data were made perfectly 2-fold by assigning real values

to the Fourier components after searching for the best 2-fold origin.

Phase residuals R ($, Z) which measured the departure of 2-foldness

are represented in Table 2.

For the final calculation of the density map of the VRU virus and
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the repolymerized protein with nucleic acid the average layerline

data on 1 = 6 , 8, 9, 10 and 14 were used to a radial resolution of

about 33 A. For the repolymerized protein without nucleic acid the

averaged data on layerline 6, 8, 9 and 10 were used.

RESUI/TS

A. General

The success of the optical diffraction technique for studying

the packing of protein in cylindrical structures depends on the length

of the virus particles. Both strains 425 and 15/64 contain virus par-

ticles which have a maximum length of about 650 A and 800 A respective-

ly and therefore are too short to yield detailed optical transforms.

The VRU strain is better suited for this analysis because the length

of the virus particles amounts to several thousands of Angstrom units.

Generally, virus particles prepared in stain over holes show much

more details than when suspended on carbon (e.g. Crowther, 1971), al-

though there is shrinkage in this case. Moreover, it is very difficult

to obtain fields in these specimens with undistorted particles. There-

fore all specimens were prepared on carbon, although the contrast in

the images is relatively low compared with previous results, where

the AHV was suspended over holes.

B. AMV strains 425 and 15/64 and derived polymers

Electron micrographs of the longest components of strains 425 and

15/64 are shown in Figure 2. Cylindrical structures with rounded caps

can clearly be observed. For the analysis of strain 15/64, particles

were investigated with the same length (650 A) as the bottom component

of strain 425.

In the optical diffraction patterns, there are clear intensity

maxima at 1 = 2 and 1 = 4 (spacings respectively 42 and 21 A).

Generally, the information on the odd layerlines is much weaker and
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Figure 2. Electron micrographs and corresponding optical transforms
of AMV particles from strain 425 (left) and 15/64 (right). The
preparations are negatively stained with uranyl acetate at pH 4.2.
In the optical transforms the meridional maxima indicative of the
'stacked' lattice are clearly visible at spacing of 42 and 21 A.
Bar in the micrograph represents 1000 S; the micrographs were
taken at an estimated electron dose of 1000 electrons/8 .
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Figure 3. A low dose (7 el/A ) micrograph of negatively stained AMV-
425 coat protein assembled in the presence of calf thymus DNA.
In the lower part of the Figure 2 optical (half) transforms are
shown which indicate the 2 types of lattices found in the prepara-
tions. The 'stacked' lattice in the upper half (a) and the 'heli-
cal' lattice in the lower half (b) of the transform.
The'helical'lattice shows an off-meridional maximum at about
42 $ ( 1 = 9 ) . The corresponding images are shown at the left
('stacked' structure) and right side ('helical-1' structure) of
the composite transform.
The bar represents 1000 X.
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not sufficient to index the presumed hexagonal lattice. It has to be

remarked that in case of the 'stacked' lattice the intensity distri-

bution of the optical transform is dependent on the view of the par-

ticle (see Discussion).

The analysis leads to the conclusion that the bottom particles all

belong to the 'stacked' type.

The main association product of the coat protein 425 is a sphe-

rical particle which has been analysed in the previous paper (S. Cusack

et at., submitted). However, when DNA is present with the coat protein

under assembling conditions (Driedonks et at., 1978a) very long cylin-

drical structures are formed. Figure 3 contains a number of examples

from the analysis of these types of structures. The optical diffraction

patterns mainly reveal the presence of the 'stacked' form of the

lattice, although in a number of cases 'helical-1' lattices have been

detected. In the 'stacked' lattice, as is the case with the 'stacked'

virus lattice, the 42 A maximum is very strong and generally the 1 = 1

layer line is weakly developed. In the 'helical-1' lattice, maxima are

present at 1 = 6, 8, 9, 10 and 14. However, the number of suitable

images was too small to starfa 3D-analysis.

Similarly as for strain 425, the main association product for

coat protein strain 15/64 is a spherical particle, with the same di-

mensions as the 425 strain coat protein aggregate. Again in the presen-

ce of DNA, this protein polymerizes into cylindrical structures, which

have a lattice of the 'stacked' type. An example is shown in Figure 4.

C. AMV strain VRU and derived polymers

Images of AMV strain VRU and reassembled coat protein are shown

in Figures 5 and 6.

In Figure 5, which contains a micrograph of VRU-virus preparation.op-

tical transforms of the 'stacked' and 'helical-l' type are shown. Each

of the optical transforms has a very strong 42 8 layerline; in the

transform of the 'stacked' type the presence of intensity on the

1st layerline is very clear.
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Figure 4. A negatively stained preparation of reassembled AMV 15/64
coat protein in the presence of calf tymus DNA (upper part of the
Figure). In the lower part an optical diffraction pattern of a re-
presentative particle from the preparation is shown. The optical
diffraction pattern shows a characteristic meridional maximum at
42 8.
The bar represents 1000 A, the electron image was recorded at an
estimated electron dose of about 1000 electrons/£2,
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Figure 5. An electron micrograph of negatively stained AMV particles
(strain VRU). The electron dose was about 7 electrons/8 . In the
lower part of the Figure two 'half optical transforms are pre-
sented which represent examples of the 'stacked' (a) and the 'he-
lical-lf lattice (b).
The corresponding images are shown at the left ('stacked' structure)
and right side ('helical-1' structure) of the composite transform.
The bar in the electron micrograph represents 1000 8.



97

Figure 6. An electron micrograph of the tubular polymers of VRU-pro-
tein. The bar represents 1000 X. The electron dose is about 7 elec
trons/X^. In the lower part of the Figure two half transforms indi-
cative of the 'helical-1' (a) and 'helical-2' (b) lattice (see
Materials and Methods) are shown.
The angle (a) between the helical family, on 1 = 9 for 'helical I'
and 1 - 1 8 for 'helical 2' and the meridan is 11 and 20 degrees
respectively. The lower transform represents the 'helical 2' struc
ture. The corresponding images are shown at the left ('helical-1'
structure) and right side ('helical-2' structure).
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The images of the 'stacked'form are not suitable to be analysed by the

helical reconstruction technique and only the'helical'form is amenable

to this approach.

The angle a (see Materials and Methods) determined form trans-

forms of VRU virus particles indicated the presence of only the 'heli-

cal- 1' lattice, as an average value of 12.8 +_ 1.8 degrees was found

for a. Reassembled VRU-coat protein forms long cylindrical tubes (see

Figure 6) and by measuring the angle a a bimodal distribution was ob-

tained. The result is shown in Figure 7. The average values of this

Figure 7. A histogram which re-
lates the number of optical
diffraction patterns of the
images of reassembled VRU-coat
protein and the observed angle
(a) between the meridian and
the off-meridional maximum at
I = 9 Chelical-11) and 1 = 18
('helical-2'). The distribution
shows 2 discrete peaks at about
II and 20 degrees, which corre-
late well with the theoretical
values indicated in Figure 1.

w 12-

!y

a 8-
a.

0-i/A
10 20

angle (deg)

bimodal histogram, 11 and 22 degrees are very close to the theoretical

values derived from Figure 1 and which are 10.7 and 21.1 respectively.

This result suggests that two types of 'helical' forms exist, although

we do not know the relative amounts. The digital analysis of the 'heli-

cal-2' lattice, showed that the phase correlation of symmetric inten-

sity maxima was rather variable and only for the 'helical-l' type of

structure a sufficient number of we.ll preserved particles were found.

In the presence of DNA, however, only the 'helical-l' lattice was de-

tected. A micrograph of negatively stained material and an optical

diffraction pattern of this preparation is shown in Figure 8.

The 3 types of 'helical-l' structures were analysed in detail and

a low resolution (about 30 A) density map was calculated from an
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I =14

Figure 8. A low dose (7 electrons/A ) electron micrograph of repoly-
merized VRU coat protein in the presence of calf thymus DNA. The
preparation is negatively stained with uranyl acetate at pH 4.2.
The lower part of the Figure shows an optical transform derived
of one of the particles and clearly shows an off-meridional maxi-
mum at about 42 8, indicative of the 'helical-1' structure.
The bar in the micrograph represents 1000 A,
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averaged set of layerlines. For details of the reconstruction see

Materials and Methods and Table 2. In the averaged set of layerline

data a search was made for the presence of 2-fold axes and the de-

viation of exact 2-foldness was expressed, similarly as described by

Mellema and Klug (1972) and Amos and Klug (1975). The average de-

parture is about 33 degrees which is small and therefore the data

were made exact 2-fold by converting the Fourier components to their

nearest real values. The results of the three reconstructions are

presented in Figure 10 as three cylindrical sections (r » 65, 75 and

85 X). In all r 'es the protein was found to be confined to a cylin-

drical shell, of thickness about 30 8, which ranged from about 60 to

90 8.

The hexagonal cell dimensions correspond to a radius of about

65 A and in Figure 9 two possibilities for positioning the cell in

the density distribution are indicated. This example is derived from

Figure 9. A cylindrical section at
r = 65 8 of the reconstructed VRU
protein tube. The inset _shows an
exact hexagonal cell with different
symmetry axes. The position of the
cell drawn with a continuous line
in the density distribution corre-
lates with the calculated 2-fold
axes, although the 3 different dyad
axes are strictly not equivalent.
The stippled cell position is not
likely, as there is no good 6-fold
rotational symmetry at the 6-fold
lattice positions which are created
in this orientation of the cell.

the reconstruction of Figure 10b), but another map would also serve

this purpose. An exact hexagonal cell with its symmetry elements is

presented by the inset in Figure 9. The calculated dyad positions in

the density map have to coincide with the 2-fold positions of the cell

and this is the guideline for assignment of the positions of the other

rotational axes to the maps. It has to be remarked that in the ideal
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a

Figure 10. The results of the reconstructions of the helical poly-
mers derived from the VRU-virus (a), reassembled VRU-protein (b)
and reassembled VRU-protein in the presence of DNA (c). The densi-
ty distributions are displayed as cylindrical sections at r=65,
75 and 85 X arranged respectively at the top, middle and bottom
of the figure.
The density distributions are all scaled within the same range of
values; stain is black. The hexagonal cells are indicated in all
three cases. The relative orientation of the maps (a), (b) and (c)
are the same.
There are regions of low density (stain centers) at the symmetry
positions, especially at high values for the radius, whereas at
low radius (r»65 A) only the 6- and 3-fold positions are occupied
by stain.
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case only equivalent dyad positions exist; in the actual maps there

appear different 2-fold axes because of imperfections in the reconstruc-

ted images. This factor also contributes to the presence of 'qua-ii' 3-

and 6-fold axes. The cell drawn in a continuous line fits the presumed

symmetry of the p6 lattice best. For example in the stippled orientation

there is more deviation from 6-fold symmetry (corners of the cell) than

at the position indicated by the cell drawn by a continuous line.

At low radius (r - 65 X) all the three maps in Figure 10 show a

good correspondence; there are staining centers at the 6-fold and to a

minor extent at the 3-fold positions . At higher radius (r • 75 and

85 A) this description is still valid, but also there appears negative

stain at the dyads. Especially in the maps shown in Figure 10a) and c)

these features are clear. This phenomenon is less pronounced in the

map presented in b). In summary, the protein appears to be clustered

around the symmetry axes of the hexagonal cell. Moreover, the results

indicate that no large differences between these different helical

structures become apparent at this resolution (about 30 A).

DISCUSSION

A. General

The AMV shell is constructed from one type of protein and there-

fore in the terminology of Caspar and Klug (1962) the virus is a simple

one. The surface lattice of the cylindrical part of the virus is a p6

net, which also explains the rounded caps at the ends. The design of

these caps must be based upon an icosahedral lattice, which originates

by converting 6-fold lattice positions into 5-fold ones. The protein :

coat does not have a strictly protective function, as RNAse is able to

A
x Although at higher radius the hexagonal cell is no longer exact in ]
the description of the results the symmetry positions are considered £
at the corresponding positions of the quasi- hexagonal cells. 1
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hydrolyze the viral RNA in situ (Bol and Veldstra, 1969).

Previous studies on the quaternary structure of AMV established

the existence of polymorphism; the surface lattice appears to have

different orientations relative to the cylindrical particle axis (Mel-

lema and Van Hen Berg, 1974). The so-called 'stacked' structure was a-

nalysed in detail although for the application of the 3D-reconstruction

technique this 'stacked1 structure is not suitable. The reason for this

is, that the cylindrical harmonics from both sides of the structure

overlap in the projections. As a result the individual contributions

can not be recovered. Mellema (1975) deduced an approximate low reso-

lution map of the'stacked'structure, by analyzing projections down the

2-fold axis. It appeared that there were staining centers at the 6-fold

and 3-fold lattice positions, file density distribution obtained in this

way still has to be considered as a projection of one side of the struc-

ture as the analysis did not allow for the radial dependence of the

density. For the analysis use was made of particles suspended in stain

over holes, because tilting experiments had to be carried out. The in-

formation content of these specimens is much better than when partic-

les are stained on carbon, although it is well known that the partic-

les shrink (Crowther, 1971). The average diameter of the cylindrical

particles is about 180 A on carbon; in stain over holes this value de-

creases to about 150 8.

B. Modes of packaging of AMV-aoat protein

Table 3 provides a summary of the different types of lattices

which occur in AIIV and derived polymers. The VRU-strain behaves dif-

ferently compared to the 2 other strains investigated. In the case of

VRU coat protein cylindrical polymers are formed, whereas the protein

of the other 2 strains need the presence of nucleic acid to form cy-

lindrical structures, as the coat protein itself forms T * 1 icosahe- \

dral particles. In repolymerized VRU protein preparations there is i

evidence for the presence of two types of 'helical' lattices. It is xl

not likely that the orientation 'angle' a (see Materials and Methods) '.{
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TABLE 3. A survey of the surface lattices for a number of AMV strains
and derived polymerization products*.

Virus

Reassembled
coat proteins

Reassembled
coat protein
in the presence
of DNA

Strain 425

'stacked'

•spherical'**

'stacked'
and
'helical-1'

Strain 1564

'stacked'

'spherical'**

'stacked'

Strain VRU

'stacked'
and
'helical-i***

'helical-1'
and
'helical-2'

'helical-1'

* For the nomenclature see Materials and Methods and Figure 1.

** In the spherical lattice the protein is arranged according to

a pointgroup 532, giving rise to a T = 1 shell (Driedonks et al.,

1977).
*** In VRU preparations also spherical particles appear of which the

surface lattice is not known.
The same applies to reconstituted VRU-coat protein preparations,
where under special conditions (Driedonks et at., 1978b) spheri-
cal products are formed.

is affected by the degree of flattening of the structures on the grid

as the values are derived from symmetrically arranged intensity pairs.

The 'helical-1' lattice has a 2-fold cylindrical symmetry and there-

fore has the theoretical possibility, like the 3-fold'stacked' struc-

ture, to be capped of by a half-icosahedron. The rounded caps, however,

are not very clearly visible in the VRU tube preparations. An expla-

nation could be that the long VRU particles tend to break easily, so

that many of the ends have no regular appearance. Another explanation

for the lack of rounded ends may be that the capping of 2-fold cylin-

drical structures is energetically not favourable.
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C. Reconstructions of the'heKeal'forms of VBU

Three types of 'helical' structures were analysed in detail from

low dose (5 - 10 el/8. ) micrographs. It appears in all three cases that

the optical transforms do not possess the complete set of low resolu-

tion hexagonally arranged intensity maxima. A reason for this is that

there is less averaging in transforms in directions perpendicular or

nearly perpendicular to the particle axis. Furthermore, it also appears

from the analysis of the'stacked'lattice structure, that some helical

families are imperfectly imaged by the negative staining technique

applied to particles suspended on carbon films. This phenomenon of

weak or missing hexagonal reflections has also been reported in lite-

rature for a number of other objects like phage heads (Leonard et at.,

1972). An explanation put forward in these cases was the fact that the

stain only contrasts the structural details at a small radial stretch.

This explanation is a plausible one in the case of AMV, as the low-

angle neutron scattering data of the repolymerized icosahedral (T = 1)

particles also point to a particular radial dependence of the protein.

Figure 11 summarizes the complete lattice and the observed maxima

Figure 11. An extensive nl- plot
of-the 'helical-1' lattice in
which the open circles represent
the observed intensity maxima.
The black circles are lattice
points which have not been de-
tected. Generally, the recon-
structed 'helical-1' structures
contain layerline information
at 1 • 6, 8, 9 and 10. In the
case of VRU-virus and VRU coat
protein assembled with DNA also
layerline 14 was included.

helical lattice 1

10 6 2 0 2 6
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supporting the indexing. Different indexing schemes have been tried

in this study as well as in the previous one (Mellema and Van den Berg,

1974); only the hexagonal lattice fits the data best.

The reconstructions of all three types of polymers (Figure 10)

show a number of identical features which suggest that at this reso-

lution no large differences in the clustering of the protein exist.

The result of the reconstructions at r » 65 % and the projection cal-

culated by Mellema (1975) closely correspond. There is negative stain

at the 6- and 3-fold positions which suggests that the protein is clus-

tered at and around the 2-fold axes. Interestingly the analysis of the

low-angle neutron scattering curves of the '30 S1 particle (S. Cusack

et at., 1980) indicates the presence of inner projections at a radius

of 65 A. At higher values of r, also the dyad positions become occupied,

which leads to the general concept that in the three helical structures

the protein is clustered around the symmetry axes. It can be envisaged

that in this way a relatively open coat originates, which is supported

by the action of RNAse on the assembled RNA within the virus (Bol and

Veldstra,1969).

These results indicate no fundamental differences in the packaging of

the AMV coat protein in the three different 'helical' structures as

well as in the 'stacked'form. The observed polymorphism points to the

idea that the coat protein possesses an amount of angular freedom in

bond formation between adjacent molecules. In fact this is the basis

to explain the large (T = 1) spherical virus shells, as in these

lattices there is no strict equivalent bonding. The reason for poly-

morphism in the reconstituted A?!V-425 and the AMV-VRU strains is not

known. The amino acid sequence of VRU coat protein differs with AMV-

425 coat protein in 15 positions (Castel et at., 1979). It would be

interesting to know whether these differences are located in the pro-

tein bonding interfaces or are present in a non-functional part of

the molecule.
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CHAPTER IX

SUMMARY AND GENERAL DISCUSSION

IX-1 SUMMARY

This thesis describes the analysis of projections of large ordered

biological systems obtained by electron microscopy of negatively stain-

ed specimens. The method of analysis, the 3-dimensional reconstruction

technique, has been developed by Klug and collaborators in Cambridge.

A 3-dimensional density map of the structure imaged in the microscope

is obtained by combining the information of different projections of

that structure. The biological structures amenable to this approach

are constructed from a large number of identical protein molecules,

which are arranged according to helical symmetry. Electron images of

these structures generally contain sufficient information in order to

calculate a 3-dimensional density map, though at low (30 - 50 8) re-

solution. This method is described in Chapter II.

A number of regular biological structures exist in nature; the

structure of a bacteriophage, for example, contains a contractile

sheath, which plays a role in the injection of the nucleic acid in the

host. A number*of different sheath structures have been analysed in de-

tail. Bacteriophage Mu and the defectives, subtilis phage PBS have

sheath structures, which contain about 190 and 360 protein subunits res-

pectively. These molecules are arranged in 6-fold rings and successive

rings in the structure show a definite amount of azimuthal dispositions.

The height of one such annular ring of PBS in the extended sheath amounts

40 A, in the contracted sheath structure this value is about 20 X. Upon

contraction the subunits change in orientation with regard to the heli- ;

cal axis. Both the PBS and the Mu sheath protein have an elongated sha- •.•

pe and the long axis of the subunit is thought to rotate over 30 de- ,':

grees during the rearrangement which leads to contraction. The orienta-

tion changes take place ring by ring which ultimately results in a



109

different packing of the protein molecules and a sheath structure

with a larger diameter.

In Chapter V the quaternary structure and a number of properties

of the sheath protein of the defective phage B. subtilis are compared

with that of Mu and T4. The packing of the protein molecules is diffe-

rent for the three phage structures, as has been determined with op-

tical diffraction from electron microscopic images. The molecular

weight of the main sheath protein of bacteriophage Mu and PBS, deter-

mined with SDS-gel electrophorese, more or less corresponds (about

50,000) but differs from that of T4 (68,000). The protein molecules

of Mu and FBS differ in antigenic properties which is shown with immu-

nodiffusion experiments (Chapter V).

The application of the 3-dimensional reconstruction technique

yields low resolution information about the extended and contracted

sheath structure. The contracted sheath structure is usually too short

to apply a good 3-dimensional reconstruction because the number of

repeating units in the projections of the contracted structure is too

small. Single contracted sheath structures polymerize into linear

structures at about pH « 11.5, which are better suited for a recon-

struction. It is proved that the packing of the protein subunits in

the linear polymers over the complete surface lattice is identical with

the single contracted sheath structures. This is described for Mu and

PBS in the Chapters IV and VII.

The extended sheath structure of PBS is only solvable with the

helical 3-dimensional reconstruction technique to a resolution of

about 50 8 because of mathematical problems. These problems concern

the determination of the 3-dimensional density waves from the single

projections, which in this case is not directly possible in contra-

diction to other helical objects. In fact, this complication is caused

by the packing of the protein molecules. In order to determine the

3-dimensional density distribution in these cases, a procedure has

been developed that uses different 2-dimensional projections. In gene-

ral, the reliability of this reconstruction technique increases with

the number of 2-dimensional projections used, which is also shown
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mathematically (Table 2 in Chapter VI).

A low resolution shape of the protein subunit in both the extend-

ed and the contracted sheath structure of Mu (Chapter IV) and PBS

(Chapter VII) has been determined from the 3-dimensional density dis-

tribution of negatively stained objects. In Chapter IV it is suggest-

ed that in addition to a change in orientation a small change in the

shape of the protain subunit occurs during contraction. It appeared

in a later stage of the investigation (see Chapter VII) that, in ge-

neral, the structural results have to be interpreted carefully. The

results of the 3-dimensional density distribution depend on the pre-

paration methods used and the radiation sensitivity of these objects

in the electron microscope. These effects are discussed in Chapter

VII. Electron micrographs have been made from the contractile sheath

of PBS with different negative stains (uranyl acetate and phosphotung-

state) at an electron dose of about 5 and 250 el/8 . The low resolu-

tion (25 A) shape of the protein subunit in the two states of the PBS

sheath is practically identical and independent of the type of nega-

tive stain at a minimal electron dose. During the imaging in the elec-

tron microscope a migration-of the negative stain occurs which is,

for example, evident from the changing diameters of the protein tubes.

These effects are also detectable in the Fourier transformed images

of these structures and have been examined quantitatively. The migra-

tion of the negative stain seems to be dependent on the type of nega-

tive stain as well as on the prepared structure. As a rule, the elec-

tron micrographs, made at an electron dose of 250 el/8 , show more

structural noise than at a lower electron dose (5 el/8 ). This effect

is derived from the increase of the phase residuals (Chapter VII,

Table 2). It is also shown for uranylstained objects that the aperio-

dic noise increases. For this last phenomenon an explanation has been

given which is shown in Figure 9 of Chapter VII.

The digital analysis methods described in the cited chapters

have also been applied to electron microscopic images of Alfalfa Mo-

saic Virus (AMV) and reassembled AMV coat protein structures. The

quaternary structure of three different strains of AMV; AMV-425,
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AMV-15/64 and VRU has been described in Chapter VIII. The cylindrical

coat protein structure has been constructed from identical protein

molecules, which are arranged according to a hexagonal p6 net. The

coat structure is thought to consist of rings of protein, such that

two successive rings form one repeat unit of the structure. This so-

called 'stacked' type structure possesses 3-fold symmetry. Analyses

of the images of the VRU virus coat shows that the p6 net is orientat-

ed differently with respect to the cylindrical axis. Besides the

'stacked' type of lattice there are also 'helical' types of the p6

lattice. The 'helical' types of the lattice are derived from the

'stacked* lattice as indicated in Figure 1 of Chapter VIII. This re-

sults in a lower cylindrical symmetry but the packing conditions of

the protein subunits hardly change.

The VRU-protein polymerizes at pH = 6.5 into long cylindrical

tubes, whereas under these circumstances AMV-425 and AMV-15/64 asso-

ciate into spherical particles which probably possess icosahedral sym-

metry. The coat proteins of the three strains all associate into tu-

bular polymers in the presence of nucleic acid (DNA). The quaternary

structure of these polymerized tubes corresponds to the original vi-

rus structure. In contrast to the'stacked1 structure, the 'helical' po-

lymers are suitable for a 3-dimensional image reconstruction. The

density distribution at a low resolution (30 8) of the 'helical-l' form

(Chapter VIII) of the VRU and reassembled coat protein with and with-

out nucleic acid corresponds well with the 3-dimensional structure of

the 'stacked' type of lattice determined earlier. This conclusion 4

emerges from the analysis of negatively stained (uranyl acetate) '

images of these structures. The negative stain is distributed at the

6- and 3-fold positions of the hexagonal cell especially at a radius

of 65 A. There are no large differences in the low resolution density ;.

maps of the three different helical structures of VRU. ,-j

.\

IX-2 DISCUSSION 4

In the previous chapters the detailed analysis of a number of regular >i
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protein structures has been described. The analysis is based on the

fact that these molecular systems possess symmetry; the symmetry caus-

es redundancy in the electron images which also helps to improve the

statistical weight of the reconstruction. This last factor is always

a weak point in an electron microscopic analysis of biological struc-

tures as most of the objects are not regular and consequently averaging

of the structural results does not proceed in a natural way. The ap-

proach described has some analogies with the analysis of a crystal

structure by X-rays, although in this case the averaging takes place

over much more unit cells. An advantage of the analysis of regular

structures is that a smaller electron dose can be used to image the

complete structure, compared to the dose, necessary for recording an

individual unit at the same resolution. This approach is used by Unwin

and Henderson (1) and Kuo and Glaeser (2) and follows from the modi-

fied Rose equation (see Chapter II). The electron dose is lowered by a

factor of /R, with R the number of repeating units in the structure.

Unwin and Henderson (1) have averaged over about 10* unit cells in

the case of the unstained purple membrane crystals. A prerequisite for

this approach is the availability of regular structures, but it may

well be that a large number of biological objects may be forced into

small regular structures, which are suited for electron microscopic

analysis. This approach is for example a natural one for the analysis

of membrane proteins (1, 3),- but is also exemplified by the recent work

of Lake et at. (4) and Unwin (5) for ribosomes and by Baker and Amos

(6) and Crepeau et at. (7) for virus structures. However, it has to

be remarked that an electron microscopic study ought to be correlated

with other techniques like low-angle solution scattering techniques. |
t

The results described here suffer from this single approach, though '

the procedures used and developed in itself form a major field in

structural research by electron microscopy.

Because of their architecture phage tails have always been an j

interesting model object. In fact, the 3-dimensional reconstruction |

technique originates from the analysis of the regular T4 sheath ima- i

ges (8). The packing parameters of the protein subunits in the i
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contractile sheath of T4, Mu and PBS are different, although there is

always the 6-fold cylindrical symmetry in both the extended and con-

tracted sheath structures. The molecular weights of the main sheath

protein of Mu and PBS correspond (about 50,000), but the value differs

significantly with the molecular weight of T4 (68,000). Moreover, the

sheath proteins of Mu and PBS have different antigenic properties.

These results point to a structural difference of these proteins and

consequently influence the way these molecules interact in their aggre-

gated forms. The calculation of the 3-dimensional map of the extended

sheath of PBS comprises about 60 repeats of the structure, meaning

that the final map is an average of about 540 asymmetric units which

illustrates the amount of averaging discussed earlier on. In Chapter

VIS the low resolution (about 25 &) shapes of the protein molecules

of PBS In both the extended and contracted sheath are presented. The

shape as well as the relative orientation of these molecules coincide

remarkably well with the earlier results of the analysis of the Mu

sheath protein (Chapter IV, Admiraal and Mellema (9)). The sheath

molecules in both the extended and contracted form have an elongated

shape, but differ about 30 degrees in their orientation with respect

to the core. In a number of sections of the 3-dimensional density dis-

tribution of the helical extended sheath the boundaries between ad-

jacent molecules in one ring are hard to distinguish, which hinders

the determination of the shape of the protein subunit. In the results

described in Chapter VI a different intersection of the density areas

has been chosen than in the data presented in Chapter VII. The former

result is disputable as the electron dose of the reconstructed densi-

ty distribution was larger, which influences the interpretation due i.

to the migration of stain. Without the specification of the beam cur-

rent, the density maps of Amos and Klug (10) are interpreted in a too »

detailed manner as has also been remarked by Smith et al. (11). These ;

last authors based their criticism on the information content of the |

images as measured by Fourier transform. The averaged value of the f,

phase residuals in our PBS reconstruction are 26 and 45 degrees for j

respectively the extended and contracted sheath structure. These I
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values are small compared with other reconstructed objects, which

suggests that our data are of better quality. For the reconstruction

of T4 sheath phase residuals of 55 and 47 degrees were reported for

respectively the extended and contracted structure (10). Although the

value of the phase residuals is dependent on the resolution of the

layerline data, it is reasonable to assume that the higher values of

R of the T4 sheath (10) have been affected by the random effect of

the stain migration. It is shown in Chapter VII that at higher doses

there is a tendency to higher values of the phase residual.

The results of Unwin (12) concerning the positional shifts in

the transform of the TMV images during irradiation point to a different

effect. In this study the Fourier amplitudes shift towards higher spa-

tial frequencies, which suggests that the gross distribution of stain

is displaced to the inner part of the stacked disc aggregate. Our stu-

dy shows that the migration is dependent on the type of the structure

and therefore stresses the importance of specifying the electron dose.

In the Fourier transform of the extended sheath of PBS two cylin-

drical harmonics contribute on a given layerline within the resolution

range of interest. In the reconstruction of the T4 structure at high

resolution these problems also arise, at least in theory according to

the selection rule, although in practice it was found that the two

harmonics are present on different layerlines (10, II). Measurement of

these layerline altitudes by a least squares method (11, Chapter VI)

indicate that for the extended sheath of PBS this z-shift is too small

to obtain a spatial separation of the harmonics in Fourier space. The

proposed extension of the 3-dimensional reconstruction scheme (Chapter

VI) is based on the availability of different 2-dimensional projections i

of the helical particle of which the orientation parameters are deter- t

minable. This case is analogous to the reconstruction of icosahedral ;

particles for which a different number of views is also necessary (13, ]

14). In our study the solution of the problem is expressed by a set of ]

linear equations of which the condition number of the matrix P (see $

Chapter VI) specifies the reliability of the solution of the set of [

linear equations, similarly as for the Fourier components on the ^
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set of annular rings in the 3-dimensional Fourier transform of the re-

constructed particle with icosahedral symmetry (13, 14).

An analysis of the AMV protein coat structure is presented in

Chapter VIII for which use was made of the 'helical' forms of the coat

structures. The protein subunits in the AMV-coat are arranged according

to a cylindrical p6 net (15) which is the basis of the polymorphic

forms of VRU. The orientation of the p6 lattice with respect to the

cylindrical axis in the 'stacked' and 'helical' lattice differs about

11 degrees. This value has been determined from the cell dimensions

of the surface lattice. The so-called 'stacked' structure was analysed

earlier by Mellema (16), although for the application of the 3-dimensio-

nal reconstruction technique this 'stacked' lattice structure if not

suitable (17). The reason for this is that the 'near' and 'far' side

image contributions interfere, which results in spatial overlapping

cylindrical harmonics in the transform derived from the projections.

The intensity in the optical transform on layerline 1 is dependent on

the orientation of the'stacked'lattice and on the preservation of the

object. The data on layerline 1 are best visible in particles suspended

in stain over holes, a preparation method which was not used in this

study.

The optical diffraction pattern of the 'helical' structure of VRU

do not show the low order maxima of the hexagonal lattice very clearly,

which makes it difficult to index the pattern. The most likely solution

is based on an orientation of the reciprocal p6 net with respect to

the cylindrical axis, which is determined from the angle between the

42 A layerline maximum and the meridian in the optical transform. The

observed value (11.6 *_ 0.9) agrees reasonably well with the theoretical

value (10.7 degrees, Table 1 Chapter VIII). !

The 3-dimensional density map of the helical-1' type of structure

shows a good correspondence with the 'stacked' form although the latter '•

has been determined from high close electron images. The coat protein of ,,'

VRU polymerizes predominantly into long cylindrical structures, where- f

as the coat protein of AMV-425 polymerizes into spherical particles. ';

The departure of 2-foldnes« of the 'helical' structures of VRU and j
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reassembled coat protein with and without nucleic acid, expressed by

phase residuals, is very small (Chapter VIII, Table 2) compared to

other structures, which possess a structural 2-fold axis. For example

in their analysis of haemocyanin polymers Mellema and Klug (18) found

2-fold residuals of 40 degrees (9). For the averaged data phase resi-

duals of 21, 29 and 29 degrees were obtained for respectively the VRU

virus and reassembled coat protein with and without nucleic acid. This

suggests that there is little doubt about the existence of dyads per-

pendicular to the cylindrical axis in the low resolution models of

these structures. The 3-dimensional density distribution of the 'heli-

cal 'structures of VRU and the reassembled coat protein structures show

a good correspondence at this low resolution. The interpretation of

these negatively stained virus particles requires some comments. Ura-

nyl ions are known to react with the nucleic acid, consequently stain

accumulating centers in the density maps may be 'holes' in the struc-

ture, or locations where a large number of uranyl ions are bound. The

use of an inert stain, such as goldthioglucose (ATG), offers the pos-

sibility to discriminate between these possibilities. However, the

contrast in AMV specimens with ATG was found to be low and there was

not sufficient redundancy in the AMV images to increase the signal to

noise ratio (A.F.M. Cremers unpublished results).

In conclusion, the evidence presented in this thesis shows the

feasibility of the 3-dimensional reconstruction technique for struc-

tural electron microscopic studies. The methods used here may be applied

to images of unstained helical assemblies, provided the assemblies con-

tain sufficient repeating elements and a priori information exists

about their orientation. In those instances the images may be averaged

by computer so that similar results emerge when analysing large 2-dimen-

sional crystals. For aperiodic structures this approach has been develop-

ed by Frank et at. (19, 20). However, difficulties may arise as appears

from our work, because the orientation parameters of the individual

projections are determined by autocorrelation functions from the stain

distribution recorded under high electron dose conditions and these

distributions are not necessarily the same as those which outline the
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/ the low beam structures. Further applications of digital reconstruc-

..;• tion techniques will mainly emerge from the availability of these ana-

lysing methods. Finally; it has to be pointed out that these methods

: in itself do not restrict the obtainable information of the biological

structure so that if an image of a structure with a resolution of say
: 10 8 would have been available, the digital methods would have been

equally well applicable.
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SAMENVATTING

Dit proefschrift beschrijft de resultaten van de bepaling van de bouw

van grote geordende biologische systemen uit 2-dimensionale projecties

van negatief gecontrasteerde objecten verkregen:met behulp van een

elektronen microscoop. De gebruikte 3-dimensionale reconstructie tech-

niek is ontwikkeld door Klug en medewerkers in Cambridge. Een 3-dimen-

sionale dichtheidsverdeling wordt verkregen door combinatie van ver-

schillende projecties van het object. De onderzochte biologische ob-

jecten zijn opgebouwd uit een groot aantal identieke eiwit moleculen,

die gerangschikt zijn volgens helische symmetrie. In deze gevallen be-

vat één 2-dimensionale projectie van het object meestal voldoende in-

formatie om een 3-dimensionale structuur te bepalen, zij het tot een

relatief laag (30-50 A) oplossend vermogen. Deze methode staat be-

schreven in hoofdstuk II.

In de natuur komen verschillende regelmatig geordende eiwitcom-

plexen voor; zo bevat een bacteriofaag bijvoorbeeld een cylindrisch

onderdeel, "de staart", die een rol speelt bij de injectie van het nu-

cleinezuur in de gastheercel. In dit onderzoek zijn een aantal van

deze contraheerbare eiwit structuren geanalyseerd. De staart van bac-

teriofaag Mu en de defectieve B. subtilis faag PBS zijn opgebouwd uit

respectievelijk ongeveer 190 en 360 eiwit moleculen, die gerangschikt

zijn in ringen met 6-tallige symmetrie. De opeenvolgende ringen in de

staartstructuur zijn ten opzichte van elkaar gedraaid over een bepaal-

de hoek. De hoogte van één ring in de uitgestrekte staart bedraagt bij

PBS 40 8 en die in de gecontraheerde toestand ongeveer 20 8. Er blijkt

een duidelijke oriëntatie verandering op te treden van de eiwitroole-

culen ten opzichte van de helische as gedurende het proces van de \

staartcontractie. Zowel het Mu als het FBS staart eiwit molecuul heb- --;

ben een asymmetrische vorm en de lange as van deze subeenheid kan ge- ''

dacht worden over een hoek van 30 graden te roteren tijdens de con- f,
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tractie. Deze veranderingen vinden waarschijnlijk ring voor ring

plaats zodat uiteindelijk door deze veranderde pakking een korter ei-

wit aggregaat ontstaat, met een grotere diameter. In hoofdstuk V wor-

den de quaternaire structuur en enkele eigenschappen van de staart ei-

witten van de defectieve i:aag B. subtilis PBS vergeleken met die van

Mu en T4. De pakking van de eiwit moleculen, zoals met optische dif-

fractie uit de EM afbeeldingen is bepaald, is voor de drie fagen ver-

schillend. Het moleculair gewicht van het voornaamste staart eiwit van

bacteriofaag PBS en Mu, bepaald met SDS-gel electroforese, stemt ruw-

weg overeen (ongeveer 50.000), maar vetschilt met dat van T4 (68.000).

Er bestaat wel een verschil in antigène eigenschappen tussen de eiwit

moleculen van Mu en PBS, hetgeen aangetoond is met immunodifussie ex-

perimenten (hoofdstuk V).

De toepassing van de 3-dimensionale reconstructie techniek geeft

laag oplossend vermogen informatie over de structuren van de gecontra-

heerde en niet gecontraheerde staart. In het algemeen is de gecontra-

heerde staart structuur te kort om een goede 3-dimensr'onale reconstruc-

tie uit te voeren, omdat er te weinig repeterende eenheden aanwezig

zijn in de projecties. Enkelvoudige gecontraheerde staarten polymeri-

seren in lineaire structuren bij pH = II.5, die beter geschikt zijn

om een reconstructie uit te voeren. Aangetoond werd dat er polymeren

ontstonden waarbij de pakking van de subeenheden over het gehele opper-

vlakte net identiek is met die van de enkelvoudige structuren. Dit is

beschreven voor Mu en PBS in de hoofdstukken IV en VII.

De structuur van de uitgestrekte PBS staart is met de gangbare

3-dimensionale reconstructie techniek voor helische objecten slechts

oplosbaar tot een oplossend vermogen van ongeveer 50 A vanwege reken-

kundige problemen (hoofdstuk VI). Deze problematiek heeft te maken

met de bepaling van de 3-dimensionale dichtheidsgolven uit de afzon-

derlijke projecties, die in dit geval niet direkt mogelijk is zoals

wel het geval is bij de meeste andere helische projecties. In wezen

ontstaat deze' complicatie door de pakking van de eiwit moleculen. Een

procedure is ontwikkeld om de 3-dimensionale dichtheidsverdeling in

deze gevallen te bepalen waarbij gebruik gemaakt is van verschillende
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2-dimensionale projecties van het helische object. In het algemeen

neemt de betrouwbaarheid van de gevolgde rekenprocedure toe naar mate

er meer verschillende 2-dimensionale projecties worden betrokken in de

analyse procedure, hetgeen ook getalsmatig kan worden aangetoond

(tabel 2 in hoofdstuk VI).

Een laag oplossend vermogen (ongeveer 25 R) vorm van de eiwit sub-

eenheid in zowel de gecontraheerde en niet gecontraheerde Mu (hoofd-

stuk IV) en PBS (hoofdstuk VII) faag staart is bepaald uit de 3-dimen-

sionale dichtheids verdeling van de negatief gecontrasteerde objecten.

In hoofdstuk IV wordt gesuggereerd dat naast een oriëntatie verander-

ing ook een kleine vorm verandering optreedt gedurende dit proces. Het

bleek in een later stadium van het onderzoek (zie hoofdstuk VII) dat

in het algemeen de resultaten van de reconstructies voorzichtig moeten

worden geïnterpreteerd. De resultaten van de 3-dimensionale dichtheids-

verdeling hangen onder meer af van de gebruikte prepareer methode en

de stralings gevoeligheid van deze objecten in de elektronen micros-

coop. Deze effecten zijn bestudeerd in hoofdstuk VII. Elektronen mi-

croscopische opnamen zijn gemaakt van PBS staarten met verschillende

contrasteringsmiddelen (uranyl acetaat en fosforwolframaat) bij een

elektronen dosis van ongeveer 5 en 250 el/A . De laag oplossend ver-

mogen (25 X) vorm van de eiwit subeenheid in de twee toestanden van de

PBS staart is vrijwel identiek en onafhankelijk van het type contras-

teringsmiddel zoals bepaald bij een minimale elektronen dosis. Geduren-

de de afbeelding in de elektronen microscoop vindt er een herverdeling

plaats van het contrasteringsmiddel in en over het object hetgeen zich

openbaart doordat bijvoorbeeld de diameters van de eiwitbuizen enigs-

zins veranderen. Deze effecten zijn ook detecteerbaar in Fourier ge-

transformeerde beelden van deze structuren en zijn kwantitatief onder- -

zocht. De migratie van het contrasteringsmiddel blijkt afhankelijk te

zijn van het type contrasteringsmiddel als wel van de aard van de ge- ;

prepareerde structuur. De elektronenmicrofoto's gemaakt bij een elek-

tronen dosis van 250 el/X vertonen in het algemeen meer structurele |

ruis dan bij een lagere elektronen dosis (5 el/A ). Dit effect is af- •<?

geleid uit de toename van de fase residuen (zie hoofdstuk VII tabel 2). •?
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Bij uranyl gecontrasteerde objecten is waargenomen dat de aperiodieke

ruis ook sterk toeneemt. Voor dit laatite verschijnsel is een verkla-

ring gegeven die is afgebeeld in figuur 9 van hoofdstuk VII.

De in de verschillende hoofdstukken beschreven digitale analyse

methoden zijn eveneens toegepast op EM-afbeeldingen van Alfalfa Mosaic

Virus (AMV) en gereassembleerde AMV-mantel eiwit structuren. De quater-

naire structuur van drie verschillende AMV stammen: AMV-425, AMV-15/64

en VRU is beschreven in hoofdstuk VIII. De cylindrische AMV mantel is

opgebouwd uit identieke eiwit moleculen die zijn gerangschikt volgens

een hexagonaal (p6) net. De morphologische eenheden in de mantel kunnen

worden gedacht opgebouwd te zijn uit ringen zodanig dat twee opeenvol-

gende ringen een herhalingselement van de structuur vormen. Deze zo

genoemde 'stacked' type structuur heeft 3-tallige cylindrische symme-

trie. Analyse van de afbeeldingen van de virus mantel van VRU toont

aan dat het p6 net verschillend kan zijn georiënteerd ten opzichte van

de cylindrische as (polymorfie). Naast het 'stacked' type rooster zijn

er ook 'helische' types van het p6 rooster aanwezig. De 'helische'

types kunnen afgeleid worden uit het 'stacked' rooster zoals aangegeven

in figuur 1 van hoofdstuk VIII. Hierbij wordt de 3-tallige cylindrische

symmetrie verlaagd, maar de pakkingscondities van de eiwit subeenheden

veranderen nauwelijks.

Het VRU-eiwit polymeriseert bij pH = 6.5 tot lange cylindervor-

mige buizen, terwijl AMV-425 en AMV-15/64 mantel eiwit onder deze om-

standigheden tot bolvormige structuren associëren, die waarschijnlijk

icosaedrische symmetrie bezitten. De eiwit moleculen in de gepolymeri-

seerde VRU buizen zijn gerangschikt volgens het 'helische1 type roos-

ter. In de aanwezigheid van nucleinezuur (DNA) vindt er een polymeri- j

satie plaats van het mantel eiwit van de drie AMV stammen tot lange f

buisvormige structuren. De quaternaire structuur van deze gepolymeri-

seerde buizen in de aanwezigheid van nucleinezuur (DNA) komt overeen J

met die van het oorspronkelijke vitus. !

In tegenstelling tot de'stacked'structuur, zijn de'helische'polymeren |

geschikt voor 3-dimensionale beeldreconstructie. De dichtheidsverde- I

ling bij lage resolutie (30 &) van de Tielische' vorm ('helical 1', zie \
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hoofdstuk VIII) van VRU en geassembleerd VRU mantel eiwit buizen met

en zonder nucleinezuur (DNA) vertoont een goede overeenkomst met de al

eerder bepaalde 3-dimensionale structuur van het 'stacked' type roos-

ter. Deze conclusie volgt uit analyse van negatief gecontrasteerde

(uranyl acetaat) afbeeldingen van bovengenoemde structuren. Het con-

trasteringsmiddel bevindt zich bij waarden voor r van 65 8 vooral op

de 6- en 3-tallige posities van de hexagonale cel. Er zijn geen grote

verschillen in de laag oplossend vermogen reconstructies van de 3 ver-

schillende 'he lis ehe' structuren.
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twijfelachtig.
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Acad. Sei. USA 72, 3402-3406.
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5. Ten onrechte worden de verklaringen die Monod et al. en Koshland

et alt geven voor coöperatieve binding vaak beschouwd als essen-
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Koshland, D.E., Némethy, G. and Filmer, D. (1966), Biochemis-

try S, 365-385.

6. De oriëntatie parameters voor afzonderlijk afgebeelde moleculen

kunnen worden beinvloed door de gebruikte elektronen dosis. Daarom

verdient het aanbeveling om dit effect te onderzoeken, voordat de

statistische verwerking van de afzonderlijke afbeeldingen plaats-

vindt.

Frank, J., Goldfarb, W., Eisenberg, D. and Baker, T.S. (1978),

Ultramicroscopy 3, 283-290.

Dit proefschrift, hoofdstuk VII.

7. Het resultaat van de statistische verwerking van afbeeldingen van

eiwitnucleinezuur complexen zoals door Giacomoni et al. is beschre-

ven hangt af van de volgorde waarin men deze afbeeldingen analyseert.

Giacomoni, P.U., Delain, E. and Le Peco, J.B. (1977), Eur. J.

Biochem. 78, 205-213.

8. Exploitant, zowel als gebruiker, zullen eerder met de maatschappe-

lijke dan met de technische of economische aspecten te maken krijgen

bij de invoering van glasvezels in de telecommunicatie.

9. Naast de algemene en vakdidactische aspecten bij de opleiding voor

leraren ten behoeve van het Voortgezet Onderwijs, dient meer aan-

dacht geschonken te worden aan ortho-didactische vaardigheden.

10. De Maastrichtenaar gedraagt zich terecht meer chauvinistisch dan

de overige bewoners van Limburg.

Leiden, 18 juni 1980 A.F.M. Cremers


