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ABSTRACT The coat protein of tobacco mosaic virus is known to form three different classes of aggregate, depending on
environmental conditions, namely helical, disk, and A-protein. Among the disk aggregates, there are four-layer, six-layer, and
long stacks, which can be obtained by varying the ionic strength and temperature conditions during the association process.
The four-layer aggregate has been crystallized, and its structure solved to atomic resolution. The stacked disk aggregate had
been presumed to be built of a polar two-layer disk related to the crystalline A and B rings. A study using monoclonal
antibodies specific to the bottom surface of TMV protein demonstrated that the stacked disk aggregate is bipolar, and
suggested that the repeating two-layer unit might be similar to the dihedrally symmetrical A-ring pair in the disk crystal. In this
paper we present a three-dimensional reconstruction of the stacked disk aggregate obtained by electron microscopy of
ice-embedded samples. After modeling of the structure, we found the ring pairs to have the same quaternary structure as the
A-ring pair of the four-layer aggregate. The resolution achieved in the image processing of the electron micrographs is on the
order of 9 A in the meridional direction and 12 A in the equatorial. The identification of the structure of the stacked disk with
the A-ring pair of the disk crystal provides an explanation of the observation that the axial periodicity of the disk pair, which
is ~53 A when fully hydrated, can shrink to ~43 A in the dry state.

INTRODUCTION

The existence of a protein in the extracts of plants infectedwo monolayers of water between neighboring rings. This
with tobacco mosaic virus (TMV) was detected in the earlypolymorphic arrangement of TMV protein was later named
1950s (Commoner et al., 1953). The observation that thishe “stacked disc” (Klug and Caspar, 1960).
protein was not associated with RNA caused it to be clas- Because the stacked disk and helical assemblies can be
sified as a nonvirus protein, although it was known to beobtained together from polymerized A-protein (consisting
immunologically related to TMV protein, and to polymerize mostly of trimers), an equilibrium between the two forms
into rods similar to those of TMV. was surmised (Caspar, 1963). The presumed switching be-
In the first reported x-ray patterns of this “abnormal” tween the stacked-disk and helical aggregates implied that
protein polymer (Franklin and Commoner, 1955), it wasthe stacked disk, like the virus helix, should be a polar
noted that the axial periodicity could vary by more thanstructure, with the layers of subunits all pointing in the same
20%, according to the water content, whereas the spacingdirection. This assumption was supported by a 3D recon-
in TMV remain constant, regardless of the hydration statestruction obtained by electron microscopy (Unwin and
In dry fibers, the axial spacing for this protein was observed<lug, 1974; Unwin, 1974). The name “disc” was changed to
to be 6% lower than the helix pitch spacing of TMV, and “disk” (Butler and Klug, 1971) when the polar two-layer
upon addition of water, these meridional layer lines shiftedaggregate was hypothesized to act as the initiator of virus
toward the center of the pattern, corresponding to spacinggssembly. The pairing observed in the x-ray patterns of the
up to 15% larger than in the virus. This suggested that thétacked disk (Finch and Klug, 1974) was presumed to arise
structure of the “abnormal” protein was somewhat similar tofrom a perturbation akin to the periodic perturbation previ-
the structure of the helical protein assembly in the virusOusly observed in the dahlemense strain of TMV (Caspar
although it was more loosely held together. The existence ofnd Holmes, 1969), where turns of the protein helix are
meridional layer lines at spacings slightly more than twicebrought alternately closer together and further apart on one
that of the TMV helix pitch was attributed to a pairing of side of the virus particle.
cyclic protein aggregates. The variation in the periodicity of The deduction of the polarity of the stacked disk from

the rods was postulated to be caused by the intercalation &fectron micrographs of negatively stained samples was
based on the difference in the cross-correlation of images

computed for opposite orientations (Unwin and Klug, 1974;
Unwin, 1974). The differences observed, although small,
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A definite proof of the bipolarity of the stacked disk was aggregates. The stacked disks were made longer by aggregation in an
provided by a study undertaken using electron micrograph§CidiC buffer, and the sedimentation constant became greater than 100S.
: : easurements of the sedimentation constants were carried out in a Beck-
of gtacked disks decorqted W|.th a clags of monoclo'naman model E analytical ultracentrifuge.
antibodies prepared by immunization with TMV protein
(Dore et al., 1990). These antibodies had been identified as
being specific for an epitope present on protein subunits offlectron microscopy of ice-embedded specimens

disk aggregate,s and on one end of the viral rods (Dore et aLI‘he samples were prepared for electron microscopy by placinglaldep
1988). The epitope was found to be on the surface of thgf sample, at a concentration of 1.0 mg/ml, on a holey grid that was
protein that contains the left and right radiathelices, previously glow-discharged in air for2 min. Then the drop was blotted
called the “bottom” (Champness et al., 1976). with filter paper and plunged into ethane slush.

Electron micrographs of negatively stained monoclonal The grids were observed at the Rosenstiel Center, using a Philips CM12
TEM microscope equipped with a Gatan anticontaminator; a Gatan cryo-

anthOdy reacted with stacked disks show anthOdy mOIeﬁolder was used to mount the grids. Low-dose images were taken at a

cules bound at.bOth ends of the Stac!(ed'diSk !’OdS (Dore @hagnification of 45,008, with a 30um objective aperture, using an
al., 1990), proving that the stacked disk is a bipolar aggreaccelerating voltage of 100 kV. We aimed for a defocus close to but lower
gate. Binding of antibodies to both ends of the stacked diskhan 4500 A, so that the fourth meridional layer line would fall inside the

was observed regardless of the number of two-layer unitgrst node of the contrast transfer function (CTF) (Erickson and Klug,

that were present in a rod. Because every stacked-disk rod

seemed to be formed by identical two-layer units, this
observation suggested that every two-layer unit should bHMAGE ANALYSIS

bipolar, gnd that every two;lay?r unit is held' together byThe individual micrographs were selected before scanning
symmetrical contacts at the “top” surface, that is, the surface

spanned by the left- and right-sleweghelices. Given the with an optpal dlﬁrgctomgter tp discard the.ones that
. showed specimen drift, astigmatism, or excessive defocus.

For the reconstruction we used two micrographs that

four-layer disk (Bloomer gt al., 1978), it was Fhen natural toshowed layer lines beyond 12 A spacing, and which had
expect the two-layer unit of the stacked disk to be VEY_10 usable particles each, that is, particles that were

similar to the central, dihedrally connected A-ring pair of straight, did not intersect any others, and were more than

the fou'r-layer aggregate (Caspar angl Namba, 1990). 3000 A long (see Fig. 1). For the present reconstruction, we
In this paper we present a three-dimensional reconstruGz . 1 4 ' o2 icles, with 60 disk pairs each, giving a total of
tion of the stacked-disk aggregate, obtained by cryoelectron P Y . P - gving
~32,000 protein subunits.

microscopy of frozen hydrated samples and image process- The film was digitized for image processing with a Per-

ing, as well as some molecular m°de“ﬁg' Wh.'Ch ShOWS thatI’<in-EImer PDS-1010M densitometer at the Institute of Mo-
to the resolution attained here, the disk pairs forming theiecular Biophysics, Using a raster size of i, which

igggd disk closely resemble the A-ring pair of the dISktralnslates into a sampling of 3.33 A per pixel on the digi-

tized image.

MATERIALS AND METHODS .
Helical symmetry

Protein preparation After the filament images were straightened out using a

TMV (common strain) was purified from infected tobacco plants by spline fitting algorithm (Egelman, 1986), we proceeded to
several cycles of differential centrifugation. The protein was extracted fromgatermine the symmetry of the particles. For this purpose

the virus by the modified acetic acid degradation method of Scheele an : - P .
Lauffer (1967). Briefly, two volumes of ice-cooled glacial acetic acid were gve measured the spacing of the first meridional Iayer line

added to 20 ml of 2% TMV solution. The precipitated RNA was removed
by 10 min of centrifugation (10,008 g) at 4°C. The acetic acid was then
removed by using a gel filtration column (G-25 Sephadex) equilibratedi
with 0.1% acetic acid, and the protein was collected as 15-ml fractions i
tubes containing 100 mM phosphate buffer (pH 7.5), in which the protein:
precipitated. The protein was then pelleted by 10 min of centrifugation
(20,000% g) and resuspended with 100 mM KCI. It was then stored in the
helical form in 0.1 M sodium acetate buffer at pH 4.6. To prevent bacterial
contamination, 1 mM sodium azide was added to the protein stock.

For the assembly of the protein into stacked disks, the protein wa
dialyzed at 4°C into 0.1 M Tris, pH 8, for 24 h. This was followed by
dialysis into 0.2 M ammonium sulfate, 0.1 M Tris, at pH 8.0 for 3 days,
with four changes of buffer. After the third day, the flask containing the
protein and buffer was brought to room temperature. The precipitate
formed during the high salt dialysis was removed by centrifugation atFIGURE 1 Electron micrograph of ice-embedded stacked disks. There
6600 g for 15 min. Under these conditions, the sedimentation constantsare seven 180-A-diameter particles horizontally aligned in the field of this
for the predominant components of the stacked disks-&8®8S, 45S, and  micrograph. The thickness of each disk layer is 26.8 A. The image was
52S (Raghavendra et al., 1985), corresponding to 6-, 8-, and 10-layelmken at 4500 A underfocus and 45,00@nagnification.
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(Jo), which corresponded to a spacing of 53:®.16 A. The A B C
first nonmeridional layer line was weak, and therefore the
measurement of its spacing was somewhat unreliable. How
ever, there was another nonmeridional layer line tha|Z
showed strongly in the power spectrum, corresponding to =
spacing of~76 A. The ratio of the meridional position of t"
this layer line to the position of the first, term came out to = === =
be 0.701* 0.006. These values are very close to the value! ; e - e '-'1
for the layer line positions from x-ray patterns of oriented ATy 7 4
stacked disk flb'ers ObserV.Ed by_ Finch a.nd KI_UQ (1974), anQIGURE 2 Disk-pair average images and asymmetrical noise. The top
therefore we will use the indexing provided in that paper. three rows are translational averages and asymmetrical differences of
According to the indexing, the layer line located at adisk-pair images from three selected particles, and the bottom row is the
spacing of 76.4 A corresponds to a Bessel order of 17 andverage of these three. Column A shows the translationally averaged
is the seventh layer line. The ratio of 0.701 for the merid_disk-pair images corresponding to thg projection of the _cylin_drica_lly aver-
. L. . aged structure, which should be bilaterally symmetrical if noise-free.
ional posm.on of the Se_v_enth to the.tenth lay_er lines MEeaNEoiumn B shows the left-right difference of the translational average,
that the ratio of the position of the third layer line to the first, which is a measure of noise in the image. Column C shows the top-bottom
Jo: is 0.299. Because of the 17-fold symmetry of the parti-difierence of the translational average, averaged left and right to impose
cles, this ratio corresponds to the steepest 17-start heligylindrical symmetry. The top-bottom differences in Column C are gen-

which in the stacked disk corresponds to the lowest nonzer. rally smaller than those in Column B, indicating that any polarity in the
isk-pair structure is less than the asymmetrical noise level in these images.

Bessel order pOSSIb|.e. The otWISt angle I.S given, then, aﬁmreasing the number of images averaged (last row) reduces the noise
(0.299X 2m)/17, that is, 6.33°. Thus there is very nearly anevel, enhancing the apparent dihedral symmetry of the disk pair.

axial repeat of 536 A, corresponding to 10 disk pairs.

) . be smaller than the level of noise. From these images we
Polarity and noise cannot measure any statistically significant polarity, imply-

To determine if the images showed any evidence of polarityi,“g that the structure is compatible with dihedral symmetry.
we first obtained a translational average of all of the disk
pairs in each particle image, which corresponds to obtainin
a projection of the cylindrical average of the disk pairs.
Indeed, the layer lines for the translational period of the diskAs we proceeded with the image processing, the first round
pairs are all the), terms. Because the repeat period is veryof particle averaging was computed by following the pro-
close to 10 disk pairs with 17-fold symmetry, the first cedure of DeRosier and Moore (1970). The images were
nonzero Bessel function contributing to these layer lines isaspodized to minimize edge effects; then the Fourier trans-
J.70 Which would only be significant at spacings beyond 3form was calculated and the layer line data collected. The
A; thus to our resolution, the translational average coincidephases were corrected for displacement of the phase origin
with the projection of the cylindrical average. off the helical axis and for tilting of the particle out of the
Once the translational average was obtained, an estimglane normal to the direction of view. Image processing was
tion of the level of noise was made from the asymmetrycarried out with the MRC programs for processing of par-
between the left and right sides of the image. Ideally, therdicles with helical symmetry. We collected layer line data up
must be mirror symmetry between the left and right sides ofo 9 A spacing in the meridional direction.
a cylindrical average; however, because of the presence of To compute an average of the layer line data collected
noise in the images, the translational average will showwithout imposing dihedral symmetry, a particle was chosen
differences in the right-hand side as compared to the leftrandomly to be used as the reference in the first round of
hand side. These deviations provide a natural estimate of thedignment (as done by Unwin and Klug, 1974). All of the
level of noise in the images. Thus the noise level is indicateathers were brought to that orientation for averaging by
by the left-right difference of the translationally averagedusing the data of layer lines 3, 7, 10, 20, and 40. A “Bessel”
disk pairs, as shown in the central column of Fig. 2. filter was used for the off-meridional layer lines during
For a polar particle, the up-down difference of the cylin- alignment; that is, considering that the particles have a
drical average is dependent on the degree of polarity. Thergadius of ~90 A, the data of the layer lines with Bessel
fore, we computed the left-right average of each of the dislorder =17 should be negligible for radial spacings smaller
pairs, which corresponds to the best representation of thihan 0.033 A%, Likewise, the data for the layer lines with
true cylindrical average, and then the up-down differenceBessel order-34 should be negligible foR = 0.066 A™*.
Thus we see that the up-down difference (Figcddumn G The image transform beyond 9-A resolution was also fil-
is smaller than the level of noise measured in the left-rightered out because there were no detectable data above the
difference. The comparison in Fig. 2 demonstrates that theoise level. After this average was obtained, the process was
power of any polarity present in the filament images mustrepeated twice, using as reference the last average obtained.

gI'hree-dimensional averaging
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was done by shifting the phase origin to minimize the power

of the imaginary component of the average layer line data.
The layer lines whose imaginary component was minimized
in this case were the 3rd, 7th, 13th, and 17th, which are the
strongest nonmeridional layer lines. This minimization se-

lects the best twofold phase origin.

Once we had the average oriented with the best twofold
axis as the phase origin, we took four approaches to aver-
aging the data, using this reoriented average as the refer-
ence, namely:

1. Alignment and averaging without doing anything
extra, i.e., we just did a fourth cycle of alignment and
averaging.

2. Stripping the reference of its imaginary component,
FIGURE 3 () Surface view of the 3D reconstruction calculated without i.e., using a centrosymmetrical reference for alignment and

imposing dihedral symmetryBj Orthogonal sections through the recon- ComPUtin_g a new part_ide average. _
struction: sections andii were taken at positions corresponding to the 3. Moving each particle so that it was as close as possible

slewed a-helices;was taken above the twofold axis (center of the image tg being centrosymmetrical (by minimizing the power of
in A), whereadi comes from below the twofold axis. Sectiofisandiv Flale ; i ;
: each particle’s imaginary component), stripping each parti-
correspond to the region of the radiahelices, withiii coming from below | fp . . ginary P d 21 FI).p .g . p.
the twofold axis andv from above it. cle of its |mag|na_ry component, and then al |gnmg it agaln_st
the reference oriented to a twofold phase origin, that is,
aligning centrosymmetrical data versus a polar reference.

By computing a 3D map from the layer line data, without 4. Same as above, but using only the real part of the
imposing dihedral symmetry, one can see that the bipo|arityeference for alignment, that is, centrosymmetrical particles
of the structure is a rather clear feature. From sections takeere aligned using a centrosymmetrical reference.
above and below what seems to be a twofold axis, it is seen The correlation of the data and the reference, as indicated
that the features of the reconstruction change handednelis Table 1, was closer in 4 (16.42 5.8°), than in 3 (24.7°
upon crossing the plane containing the evident twofold axes- 5.6°), than in 2 (29.7% 6.9°), and least in 1 (36.2%

(Fig. 3). 7°), as can be seen from the phase residuals obtained in each

To test if the three-dimensional data possess dihedral arase (cf. Amos and Klug, 1975).
polar symmetry, phase residuals were calculated (table 1) The fact that imposing the dihedral symmetry on the
using as the phase origin one of the putative twofold axes imeference improves its correlation with the data (as in 2)
the middle of a two-layer disk of the particle average. Thisindicates that there is no correlation of the data with the

TABLE 1. Phase residuals* for different averages

Particle Near, up Far, up Near, down Far, down *CR RDS vs PRI RD vs CR
2562_1 31.3 33.8 30.9 38.4 27.3 25.2 22.6
2562_2 29.4 32.1 27.4 37.0 247 22.1 20.7
2562_3 36.7 40.1 38.0 46.5 345 30.3 22.6
2562_4 35.1 42.8 39.6 51.4 36.0 31.7 234
2562_5 37.8 39.9 45.3 38.4 35.4 28.9 17.7
2562_6 27.9 30.7 25.1 34.8 229 18.2 7.1
2562_7 33.2 32.0 38.7 28.6 23.7 17.5 11.8
2562_8 35.5 29.6 325 225 22.1 18.3 10.6
2562_9 40.4 38.5 45.3 329 33.8 27.7 20.0
2561 1 37.1 39.2 43.4 35.0 31.1 24.1 14.3
2561_2 27.3 35.3 29.3 39.8 27.6 225 15.1
2561_3 45.2 44.4 53.3 39.6 43.4 32.9 23.2
2561_4 37.9 48.7 43.4 56.8 42.1 35.0 24.0
2561_5 25.1 37.4 31.0 40.3 253 22.1 9.3
2561_6 29.7 34.2 37.9 275 27.0 22.0 12.7
2561 7 27.2 33.7 26.2 36.1 19.4 16.8 8.3
Average 33.5+ 5.4 37.0+ 5.1 36.7+= 7.9 37.8+ 8.3 29.7+ 6.9 247+ 5.6 16.4+ 5.8

*Phase residuals are in degrees. The first four columns correspond to four different orientations of the averaged polar image used as refgrarnsernn com
to the individual particle images.

#CR, Centrosymmetrical reference.

SRD, Real component of data.

PR, Polar reference (see text).
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FIGURE 4 Layer line data of the reconstruction, separated into seéitilineg and imaginary dashed linescomponents. The diffraction amplitudes,
weighted by the radius in reciprocal space, were obtained from the calculated average Fourier transform of 16 stacked disk particles. Heligalaymmet
imposed in averaging the off-equatorial layer lines, but dihedral symmetry, which would have eliminated the imaginary parts of the transfotm, was no
imposed. The layer lines in the grayscale display of the calculated average diffraction pattern are indexed to the corresponding plots of dhe weighte
amplitudes.

imaginary component of the average. Likewise, a furthedata to spacings on the order of 12 A, whereas the 27th layer

improvement in the correlation is obtained when the datdine, for example, contains significant data tel14-A

are stripped of their imaginary component, because theadial spacing.

power of the imaginary component of each particle appears

to be pure noise. Therefore, removing some of the noise

from the data improves the cross-corrglatlon. Further MM ODEL BUILDING

provement results when centrosymmetrical data and a cen-

trosymmetrical reference are used. Thus the imaginary conFhe reconstructed surface view of the stacked disk, calcu-

ponents of the Fourier transforms of the data ardated without imposing dihedral symmetry or correcting for

uncorrelated, which fits the definition of pure noise. the contrast transfer function (Fig. 3), resembles the corre-
The presence of the imaginary component in the Fouriesponding image of the A-ring pair of the four-layer disk

transforms of the images is useful for determining thecrystal derived from the x-ray structure (Bloomer et al.,

spacings at which we still have statistically significant sig-1978; Bhyravbhatla et al., 1998) and is clearly different

nal. As the resolution of the data increases, the ratio of thérom the image of the polar A-B ring pair. Removing the

imaginary to the real component increases. Beyond thasymmetrical noise from the reconstructed image enhances

resolution at which the mean amplitudes of these compothe correspondence with the crystallographic model of the

nents are equal, the transform is dominated by noise in thA-ring pair.

image and there are no statistically measurable data. Thus To build a model of the stacked disk to compare with the

we can see from Fig. 4 that the equator contains significanéxperimental data, we took the coordinates of the A-ring
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CTF To compare the model with the electron microscopy data,
one has to deal with the problem of the CTF, either by
correcting the data by division or by multiplication of the
model Fourier transform by the CTF. We decided that the
better approach was to multiply the model transform by the
CTF, as we would not introduce the problems of increment-
ing the noise in the neighborhood of the CTF nodes. The
first step in dealing with the CTF is to estimate the micro-
scope defocus (Toyoshima and Unwin, 1988; Frank, 1996).
The presence of a Thon ring in the Fourier transform of the
images gave an estimate-e#000 A underfocus for the two
micrographs. However, in addition to the amount of defo-
cus, the contrast transfer function of the microscope is
0 0.02 000 0.06 0.08 o1 determined by the amount of amplitude contrast and the
Reciprocal Angstroms effective temperature factor.
To put the amplitudes on the layer lines corresponding to

FIGURE 5 Plot of the contrast transfer function corresponding to andqata and model on the same scale. we used an initial CTE
amplitude contrast of 4%, a defocus-6#500 A, and temperature factors . ! . .
of 1000 A (solid ling) and 600 & (dashed ling The solid line corre- ~ COITeSponding to the parameters of the microscope, with the
sponds to the CTF used to fit the data and model in the radial direction€Xperimentally observed underfocus, a null temperature fac-
whereas the dotted line corresponds to the CTF used for the meridiondbr, and an estimated amplitude contrast of 5%. We first
direction. The only difference between the two curves is the temperaturgescaled the first Subsidiary maximum on the equator of the
factor applied. model transform to fit the data. The shape of the curve in the

low-resolution region is strongly dependent on the amount
pair a-carbon atoms from the disk crystal (Bloomer et al., of amplitude contrast; therefore, we varied this parameter to
1978; Bhyravbhatla et al., 1998) and constructed a filamentbtain a matching shape of the low-resolution region for the
by imposing the experimentally determined helical symme-equatorial data and model curves. Next we adjusted the
try. Then the model filament structure was projected onto demperature factor, so as to have the model equatorial am-
plane parallel to the helical axis. The image thus obtainegblitudes decaying in the same way as the data.
was treated as another micrograph. Once the equatorial data seemed reasonably approxi-

Scattering due to the presence of the solvent was modeladated by the Fourier transform of the A-ring pair model
by assuming that the solvent has a uniform density. Thenultiplied by the adjusted CTF, we checked to see whether
scattering of the protein embedded in solvent will be equathe same parameters would work adequately in the merid-
to the scattering of the protein in a vacuum, plus the scational direction. However, the temperature factor applied to
tering of the solvent surrounding the protein. According tothe CTF in the radial direction turned out to be a little too
Babinet's principle (Jackson, 1980), this is the same as thetrong for the meridional data, and we had to reduce it to
scattering of the protein in a vacuum, minus the scattering obbtain an optimum fit. The CTF parameters that best fit the
solvent displaced by the volume occupied by the proteinmodel transform to the observed data are an underfocus
We used the values for the volumes of the amino acidvalue of 4500 A, with an amplitude contrast of 4%, and an
residues provided by Zamyatnin (1972) to correct the low-anisotropic temperature factor of 10007 An the radial
resolution protein model amplitudes for the displaceddirection and 600 Ain the meridional direction. A plot of
solvent. the CTF is shown in Fig. 5.

In any optical system, the aperture, aberrations, and dif- To make the modeled equatorial transform fit the equa-
fraction have the effect of blurring a point into an object thattorial data closely, it was necessary to include a small radial
is not a point (an Airy disk, for example) (Born and Wolf, contraction factor of 3% for the layer lines of the data; that
1980). This blurring is described by means of the pointis, the Fourier transform of the averaged stacked disk image
spread function, which depends solely on instrumental charappeared to be shrunk with respect to the model transform
acteristics. In electron microscopy it is customary to workscaled to fit the measured axial repeat period. This radial
with the Fourier transform of the point spread function, adjustment was necessary to make the nodes of the equators
which is known as the contrast transfer function (CTF).coincide for data and model. The contraction in reciprocal
However, in what follows we will incorporate into the CTF space corresponds to a 3% radial expansion of the particles
the blurring caused by sources other than instrumentain real space.

Thus, whereas an ideal CTF is not attenuated, the effects of We can only speculate about the significance of the radial
blurring of the images, caused by disorder in the particles oscaling that was necessary to make the equators of data and
by defects in the image processing and instrumental limitamodel coincide. This distortion could be due to a small
tions such as incoherence, are represented in our modelingdial expansion of the frozen hydrated stacked disk rods, or
of the image transforms by applying a temperature factor tdo a slight elliptical flattening of the cylindrical rods in the
the CTF used for correction. thin ice layer. Nevertheless, the axial periodicity of our

Contrast
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FIGURE 6 Layer lines of data and model. The layer-line amplitudes from the cryomicroscopy data are plotted with solid lines; the CTF-adjusted model
transforms, calculated from the atomic structure of the crystalline A-ring pair, are dashed. Only the real part of the experimental layer tirds as plo

the imaginary component represents noise. There is generally close agreement between model are2@afaresolution. At higher resolution, fringe
positions remain correlated, although there are some differences in amplitudes.

frozen hydrated stacked disk specimens, determined frorolosely follows the experimental data, although there are
the microscope magnification, corresponds closely to thasome discrepancies. For example, the equatorial plot shows
measured by x-ray diffraction from an oriented liquid-crys-a very good fit to spacings 020 A. Even though the

talline sample (Finch and Klug, 1974), which indicates noamplitudes are not exactly the same for most of the layer

significant distortion in the axial direction.

Comparison of model and data

lines, the overall behaviors of the curves of data and model
are very similar, in the sense that they have their extreme
points at the same position, with the phases coinciding for
the most part.

As can be seen from Fig. 6, the calculated amplitude on The phase residual for the alignment of the data and the

layer lines of the model

corrected for the effective CTFCTF-corrected model is 17.5°, which indicates a very good
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Discrepancies between model and data may also be due
to crudeness of the modeling procedure, such as the solvent
correction that was used, or to subtle differences between
the pair of rings that build the stacked disk and the crystal-
line A-ring pair model. A real-space comparison of the
model with the data demonstrates that the correspondence
between them is quite close. Fig. 7d) shows a central section
through a 3D filament with five disc pairs, oriented so that
a twofold axis is at the center of the figure (marked by the
asterisi. Because of the particle symmetry, the axial sec-
tion shows five different sections of the disk pairs, which
correspond to 10 different views of the protein subunit; that
is, the figure contains sections of the protein subunit sliced
every 2.1°. Superposition of the reconstructed stacked disk
and model images (Fig. €) demonstrates that the statisti-
cally significant features coincide.

The 6.33° helical twist between disk pairs, which leads to
the axial repeat consisting of 10 dihedral disk pairs with
17-fold rotational symmetry, generates twofold axes per-
pendicular to the particle axis spaced 1.05° apart in projec-
tion. It is this bristling array of dyads that makes all of the
FIGURE 7 Axial section through the image reconstruction of the stackeaorthOgona”Y projected views of the stacked dIS.k r‘_)ds cen-
disk and the model based on the crystalline A-ring pair. The section cut§fosymmetrical. The centrosymmetry of the projections has
through five disk pairs along the axis of the assembly, with a twofold axisfacilitated accurate estimation of the noise from the anti-
(*) perpendicular to _the plane of_ the section. Succegding_se_ction_s of th%ymmetrical components of the image transforms, and has
stack are related by in-plane horizontal dyads bounding this f|ve-d|sk-pa|renhanced the reliability of the image averaging. With aver-

segment. Because the level of noise in the reconstructed density map was . " . . it db ibl
estimated to be on the order of 25% of the peak densities, we display four@!NG OF MOre cryomicroscopy images, it wou € possible

levels, each corresponding to the magnitude of the standard deviation of tH® obtain a more detailed comparison of the stacked-disk
average densityA is a section obtained from the experimental data,Bind pair structure than with that of the crystalline A-ring pair.

is the corresponding section of the modeled stacked disk rod, convoluted

with the experimental point spread function of the electron micrographs,

using the same color table asAn Cis the superposition oA andB with

the color table oB inverted. The grey areas denote complete agreement oGONCLUSION

the two structures, whereas reddish regions denote dominance of the

experimental data, and bluish shades indicate where the model is strongdVe have shown that, to the resolution of our electron image

The differences between the data and model are on the order of théata, the stacked disk consists of two-layered disk units that
standard deviation of the experimentally averaged densities. have the same packing arrangement and overall conforma-
tion as the A-ring pair of the four-layer disk crystal.
correlation. This phase residual is, in fact, comparable to Based on the crystal structure (Bloomer et al., 1978), it
that comparing the centrosymmetrically averaged data twvas previously thought that the A-ring pairs of the four
the real components of the individual particle transformslayers were held together by a quadrupole interaction be-
(Table 1), which provides a measure of the residual noise itween LysS® and GIf? with their corresponding counter-
the reconstructed image. Computation of a crystallographiparts across the dyad axis (Caspar and Namba, 1990).
R-factor comparing data and model yields= 0.21, which  However, a new refinement of the disk crystal structure
is another demonstration that the model based on the atom{Bhyravbhatla et al., 1998) shows that the interactions
structure of the A-ring pair fits the reconstructed imageacross the dyad axis in the four-layer aggregate are medi-
within the noise level of the electron microscopy data.  ated through bound water molecules, and that there are no
Large discrepancies between the data and model wouldirect protein-protein contacts across the major overlapping
be attributable to regions of the protein having a conformasurfaces. In the stacked disk, there must be a dihedrally
tion different from that of the modeled one. If this were the paired, water-mediated connection between the slewed
case, a real-space difference map of data minus model-helical surfaces (“top-to-top” pairing) similar to that in
would show negative peaks in the regions where the modehe crystalline A-ring pair. Presumably, the symmetrical
has densities that do not exist in the data, and positive pealk®ntacts between the radiathelical surfaces (“bottom-to-
where the data has densities that do not exist in the modehottom” pairing) in the stacked disk, which have no homol-
A difference map computed by Fourier inversion of theogy in the crystalline four-layer aggregate, also involve
layer lines corresponding to data minus model did not showvater-mediated linkages similar to those of the “top-to-top”
structurally interpretable differences between data andurface pairing. The symmetrical connections between the
model. radial a-helical surfaces may be more tenuous than those
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observed crystallographically for the dihedral pairing of theCaspar, D. L. D. 1963. Assembly and stability of the tobacco mosaic virus
slewed a-helical surfaces, because the EM images show Particle-Adv. Protein Cheml8:37-121.

lower density at the “bottom-to-bottom” boundary of the Caspar, D. L. D., and K. C. Holmes. 1969. Structure of dahlemense strain
of tobacco mosaic virus: a periodically deformed helix.Mol. Biol.

disk pairs. 46:99-133.

The evidence that the fully hydrated stacked disk iScaspar, D.L.D., and A. Kiug. 1962. Physical principles in the construction
formed by water-linked A-ring pairs provides an explana- of regular virusesCold Spring Harb. Symp. Quant. Bigl7:1-23.
tion of the observation made more than 40 years ago bgaspar, D. L. D., and K. Namba. 1990. Switching in the self assembly of
Franklin and Commoner (1955), which showed that the t©Pacco mosaic virusdv. Biophys26:157-185.

_di i indici hampness, J. N., A. C. Bloomer, G. Bricogne, P. J. G. Butler, and A.
sta'clfed disk QXIaI per|0d|C|ty qlepended strpngly on Waterc Klug. 1976. The structure of the protein disk of tobacco mosaic virus to
activity. Lowering the water activity resulted in the removal g A resolution.Nature. 259:20—24.

of water molecules from the interfaces of the disk pairs,commoner, B., M. Yamada, S. Rodenberg, T. Want, and E. Basler. 1953.

causing the axial periodicity of the stacked disk to shrink The proteins synthesized in tissue infected with tobacco mosaic virus.
from ~53 A to ~43 A. Science118:529-534.

A disk aggregate was thought to play a special role in théDeRosier, D. J., and P. B. Moore. 1970. Reconstruction of three dimen-
sional images from electron micrographs of structures with helical

assembly of virus particles (Butler and Klug, 1971). This symmetry.J. Mol. Biol. 52:355-369.

hypothesis was based on the principle of qua"SiEQUivalen'qgore, I, C. Ruhlmann, P. Oudet, M. Cahoon, D. L. D. Caspar, and
(Caspar and Klug, 1962), making a self-consistent story in M. V. H. Van Regenmortel. 1990. Polarity of binding of monoclonal

which the pieces of evidence all seemed to fit together. Even antibodies to tobacco mosaic virus rods and stacked digikslogy.

. . K . 176:25-29.
the stacked disk, which did not play a central role in theDore, I., E. Weiss, D. Altschuh, and M. H. V. Van Regenmortel. 1988.

hypOth?Sized assembly process, could l?e viewed as surplus;isyalization of the location of tobacco mosaic virus epitopes reacting
nucleating aggregate that assembled into harmless rods.with monoclonal antibodies in enzyme immunoassdiyology. 162:

Nevertheless, if disk aggregates have no biological role to 279-289- _ o |
play in viral assembly, the existence of the crystalline four_EgeIman, E. 1986. An algorithm for straightening images of curved fila-

. S mentous structuredJltramicroscopy.19:367-373.
layer disk w. lucky break that hel he elucidation
aye dis as a lucky break that epEdt e elucidatio OfErickson, H., and A. Klug. 1971. Measurement and compensation of

the structure of the protein in the virus. _ defocusing and aberrations by Fourier processing of electron micro-
It is interesting to note that after observing the water graphsPhilos. Trans. R. Soc. Lond. Bi®61:105-118.

dependency of the stacked disk axial periodicity, FranklinFinch, J. T., and A. Kiug. 1974. The structural relationship between the
and Commoner (1955) inferred that this structure was a stacked disk and helical polymers of tobacco mosaic virus protein.

. . J. Mol. Biol. 87:633-640.
rather frail one. However, the stacked disk turns out to bei: . . )
. rank, J. 1996. Three-Dimensional Electron Microscopy of Macromolec-
the most stable polymer formed by TMV protein, as shown' 15, assemblies. Academic Press, San Diego.

by persistance of this aggregate after extensive treatmeRfanyiin, R. E., and B. Commoner. 1955. X-ray diffraction by an abnormal

under depolymerizing conditions (Raghavendra et al., 1985, protein (B8) associated with tobacco mosaic virature. 175:

1986), thus becoming a dead end for the TMV coat protein 1076-1077.

association. Ja::(lgsrclzn, J. D. 1980. Classical Electrodynamics. John Wiley and Sons, New
Klug, A., and D. L. D. Caspar. 1960. The structure of small virugek:.
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