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The coat protein of tobacco mosaic virus forms numerous aggregates, in- 
cluding the small A-protein, the disk, and two helical forms. The structures 
of the disk, the helical protein forms, and the virus are compared. Most of the 
differences are in the conformation of the chain between residues 89 and 
1 13, which lies in the region of protein at  the center of the virus, inside the 
RNA. It is disordered in the disk, but has a fixed conformation in the virus 
and the protein helices. The differences between the virus and the two helical 
protein forms are largely in the conformations of arginines and carboxylic 
acids in this region. 
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I N T RODU CTI ON 

Tobacco mosaic virus (TMV) is a rod-shaped plant virus, 3,000 8 long and 180 8 in 
diameter. The coat protein subunits (MW 17,500) form a helix of 49 subunits in three 
turns. A single strand of RNA follows the basic helix a t  a radius of about 40 8, with three 
nucleotides bound t o  each protein subunit. Early work on structure and assembly of 
TMV has been reviewed by Caspar [ 11 . 

The coat protein of TMV forms a large number of aggregates, which fall into three 
main groups: A-protein, disk, and helical forms. The interconversions between aggregates 
have been summarized by Durham and Klug [2] .  The A-protein is a mixture of oligomers 
(3-12 subunits) present a t  low ionic strength and high pH. Lowering the pH t o  near 
neutral or raising the ionic strength produces the disk, which consists of two layers of 17 
subunits each [ 3 ] .  The layers face the same way, but  further polymerization is hindered 
by a pairing interaction between them [ 1 , 4 ]  . At pH below neutral the protein forms 
long helices [ 5 ]  with a morphology similar t o  that of the virus [6] .  There are two forms 
of helical aggregate (as well as the virus itself): The A form has 16-1/3 subunits per turn, 
like the virus, whereas the B form has 17-1/3 subunits per turn [ 7 ] .  The existence of two 
separate forms was found by  X-ray diffraction from oriented gels, and the technique for 
preparing such gels [8] is such that it has not been possible t o  correlate the conditions of 
formation with the type of helix formed. 
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X-ray structural studies have been made of the intact virus [9] , the disk [ 101 , and 
both forms of protein helix. Some features of the protein helix structures will be described 
in this paper, but full details will be given elsewhere (Mandelkow, Stubbs, and Warren, 
in preparation). The virus structure was determined at a resolution of 4 a by X-ray 
diffraction from oriented gels. That part of the structure containing the RNA binding 
site and some of the features which are important in virus assembly are shown in Figure 1. 
A more complete illustration of the virus structure is given in Stubbs et  a1 [9: Fig. 2aJ . 
The virus contains four approximately radial a-helices, termed [ 111 the left and right 
radial (LR and RR) and the left and right slew (LS and RS). LS and RS lie on top of LR 
and RR, at angles of 10-20”, as in a coiled-coil of a-helices [ 101 . LR and RR are 
connected at the inside wall of the protein (the hole down the center of the virus) by a 
short length of chain called V [9] .  V contains two or three turns of rather irregular a- 
helix. The protein at higher radius than these five helices has not yet been well described 
for the virus, because the resolution of the map falls to about 5.5 a at radii between 60 a 
and 80 8. At a radius of 40 a the RNA is bound to the protein. The three phosphate 
groups form ion pairs with arginines 90,92, and either 41 or 113. The bases lie flat 
against the hydrophobic surface of the LR helix, forming a shape like a saddle. In the 
region between the RNA and V, there are six carboxylic acids, which have been called 
the “carboxyl cage” [9 j .  Four of these (Glu 95, Glu 97, Glu 106, and Asp 109) are near 
a site which binds divalent cations, and could be a physiologically significant metal-binding 
site, perhaps binding calcium [9, 121. The other two (Asp 115 and Asp 116) are about 
10 a away, nearer the RNA. This arrangement is reminiscent of the double metal-binding 
sites of thermolysin [13] and concanavilin A [14, I 5 j ,  although the two sites in TMV 
are further apart. 

RNA 

Fig. 1. RNA binding site in TMV (schematic), viewed in the direction parallel to  the helix axis. The 
bar at the side runs in a radial direction, and indicates distance from the axis. The shaded region 
represents the carboxyl cage. V and parts o f  LR and RR are shown, together with the backbone of 
the RNA. Bases of the RNA are not  shown, but if they were, the bases of the RNA strand behind 
the one shown would bind t o  LR. 
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The disk crystallizes [3] , and its molecular structure has been determined to 2.8 a 
resolution [ 101 . Although the intersubunit arrangement is different, the internal structure 
of the disk subunit [ 11 : Fig. 11 is very similar to that of the virus. The major difference 
is that the loop of protein containing V, residues 89-1 13, is disordered in the disk crystal 
[ l  11 and has been shown to be very flexible in solution 1161. A feature which was not 
evident in the virus map because of the lower resolution but is presumably common to both 
structures is the “hydrophobic girdle,” a concentration of aromatic and proline residues 
about 75 a from the center of the disk [ 101 . 

It is evident that the morphology and general fold of the protein chain are well 
understood for all the aggregates. However, the differences in molecular structure between 
the aggregates are less clear. This paper addresses these differences and attempts to 
describe some of them. 

METHODS 

The methods used to calculate the electron density maps of the protein helices will 
be described briefly here and more fully elsewhere. Samples of repolymerized TMV pro- 
tein were prepared as described by Mandelkow et a1 [7] and made into oriented gels [8] . 
These gels were of as high a quality as those used to determine the virus structure [9]. 
Diffraction patterns were recorded on film, measured on a computer-controlled flat-bed 
scanner and corrected for geometric factors [17] . These diffraction patterns were very 
similar to those of the virus but fell into two classes, A and B [7] . Electron density maps 
of both forms were calculated to  a resolution of 4 a using intensities from the protein 
helices and phases from the virus. The most useful maps were (21Fob,l-IFcl)eXp(iac) 
Fourier-Bessel syntheses. I Fobsl was obtained from the diffraction patterns of the protein 
helices. IF,I and a, were usually obtained from the virus map in the following way: A 
subunit of TMV in the map was defined by an envelope and transformed to calculate 
IF,[ and a,. Various envelopes were used, deleting the KNA or regions of protein which 
were of particular interest. Deleting such a protein region from the calculated structure 
factors ensures that the map will not be biased towards identity with the virus. For com- 
parison, one map of the A form was calculated using the measured virus structure factors 
as IF,\ and the virus isomorphous replacement phases 191 as a,. This was possible be- 
cause the A form is isomorphous with the virus. 

The protein helices were compared with the virus by careful sheet-by-sheet com- 
parisons of the electron density maps. The disk was compared with the virus using the 
published descriptions of the disk structure [ lo ,  1 I ] .  

RESULTS 

The principal differences between the various aggregates are shown schematically 
in Figure 2. Many of the differences between the disk and the virus have been described 
by Champness et a1 [ 111. The FWA is not part of the disk structure. In its place there is a 
large open area, formed by the pairing interaction between the layers, which tilts the 
layers apart at low radius. It has been described as a pair of jaws ready to accomodate 
the KNA. From the RNA binding site to the center of the disk there are no structural 
features in the map, so that the hole in the center of the disk appears to be 80 A across, 
compared with 40 a in the virus. Part of the hole must be occupied by a disordered chain 
from residue 89 to residue 113. By contrast, this chain is fully ordered in the virus: Two 
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Fig. 2. Schematic representation of the central loop (residues 85-120) in the TMV aggregates. Letters 
indicate aggregate: Virus, disk, A-protein (speculative), helix A, helix B. Numbers indicate approxi- 
mate residue locations. Solid lines: Ordered structure. Broken lines: Disordered structure. Shading: 
“carboxyl cage.” 

of the radial helices (LR and RR) of the virus extend in beyond the RNA, and are 
connected by a length of chain which is also partly a-helical (V) [9] . V forms a wall 
which lines the central hole of the cirus, shielding the RNA from the solvent. It has been 
suggested [ 11, 16, 18j that this part of the protein is flexible in the disk in order to allow 
the RNA to reach its binding site from the central hole. 

The packing of the subunits is different in the disk and the virus. The side-to-side 
interactions are very similar: Two polar regions alternate with two hydrophobic regions 
[ lo].  A salt bridge between Arg 122 and Asp 88 has been seen in both structures [9, 1 O j .  
However, the interaction in the axial direction (between the rings) of the disk is quite 
different from the interaction between successive turns of the virus helix [9, 11; . In the 
virus, the four approximately radial or-helices are closely packed, even between subunits, 
with the LR helix above and between the RS helix from one subunit and the LS helix 
from another [ 11 : Fig. 31 . In the disk, one layer is displaced laterally about half a sub- 
unit, so that LR is now approximately between LS and RS of the same subunit below, al- 
though intersubunit packing of helices is  now much looser .  T h e  molecular  de ta i l s  of th is  
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packing have been established [ lo ]  : There is a complex network of salt bridges and 
hydrogen bonds between the subunits. Looking at the 4 a map of the virus, it appears 
possible that the inner end of this network (involving part of RS and part of LR) may be 
maintained by changing the conformation of the side chains, but the rest of the network 
must be completely different. More details must await a higher resolution map of the virus. 

exists between the disk and the virus. All the significant changes which we can see at this 
resolution are in or near the RNA binding site. Once again the RNA is absent, but at least 
one of the three phosphate groups of the RNA is replaced by an anion, probably forming 
an ion pair with Arg 90. The hydrophobic base binding site on the LR helix is exposed to 
the solvent, as it is in the disk. The structure of the inner protein, which is disordered in 
the disk, is intact in both forms of protein helix. This region contains most of the carboxyl 
cage, and while there are some changes around these carboxyl groups, it must be borne 
in mind that the virus structure was determined at pH 8, well above the pKs of all the 
carboxyl groups, whereas the protein helix structures were determined at pH 5 . 5 ,  where 
some of the groups would be protonated [ 11 . 

Only one significant difference has been found between the A form of the protein 
helix and the B form. There is a peak of electron density near the inner end of RR which 
is present in A, but absent in B. This difference was observed regardless of whether this 
peak was included in the calculation of phases from the virus map. In the virus model [9] 
the peak has been tentatively attributed to the guanidinium group of Arg 92, which forms 
an ion pair with an RNA phosphate. We might thus suggest that this arginine retains its 
conformation in the virus-like A form, but is disordered or substantially moved in the B 
form. It could bind to an anion, or interact with a nearby carboxyl group ~ the maps do 
not allow us to make a definite statement. 

Comparing the protein helices with the virus, we find much more similarity than 

DISCUSSION 

The transitions between forms of TMV protein all appear to involve conformational 
changes of the charged groups in the low radius region: The six carboxyls, two of the 
phosphate-binding arginines (90 and 92), and possibly the other arginines in this region: 
41, 112, and 113. The importance of these charged groups is not surprising, since the 
main parameters affecting aggregation state are pH and ionic strength [2]. Arg 41 is the 
only arginine in the inner part of the protein for which the main chain is ordered in all 
forms so far examined. It is possible, however, that the side chain of this residue is more 
disordered in the protein helical form than it is in the virus, and it may have different 
conformations in the virus and the disk. The maps are difficult to interpret in this region. 
Arg 112 and Arg 113 are near the carboxyl cage [9] and probably form ion pairs with 
two of the carboxylic acids. It is not possible to say whether they change conformation 
between the virus helix and the protein helix forms. They are part of the flexible loop in 
the disk, and are therefore disordered in this aggregate, as are Arg 90 and Arg 92. Arg 90 
has the same conformation in the virus and both protein forms, binding a phosphate of 
the RNA in the virus, and an anion in the protein forms. Arg 92 has an ordered confornia- 
tion in the virus and the A form of the protein helix, binding RNA in the virus and per- 
haps an anion in the phosphate site in the protein. However, it has a different conformation 
in the B protein helix. This is the only major difference so far observed between the A 
and B protein helix forms and may well be the cause of the difference between the forms. 
Arg 92 is in the side-to-side intersubunit boundary, and a conformational difference 
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which affected the intersubunit spacing at this point would change the number of sub- 
units per turn in the helix. 

values near 7 observed by Caspar [ I ]  . Such pKs arise when carboxyl groups are forced 
into close proximity by the protein structure. The resulting structure can serve as a 
switch, active under physiological conditions, between different states of the protein [9, 
191. The virus and protein helices have two or three anomalous pKs [ l ,  121, and in 
these structures all six carboxyl residues are held in fixed conformations. In the disk, only 
residues 11 5 and 11 6 of the carboxyl cage retain any trace of rigid conformation [ 101 . 
This is because, in the absence of the binding energy of the RNA (as in the virus) or the 
neutralization of some of the carboxyl groups at lower pH (as in the protein helices), 
electrostatic repulsion within the flexible loop is too great to allow it to fold (91 . This is 
consistent with the observation [ 121 that there is only one anomalous pK value in the 
disk form, presumably arising from these two residues. Since the A-protein (the small 
oligomer mixture) has no anomalous pK values [ 121 , we might expect the extent of dis- 
order to be even greater in this form. Asp 115 and Asp 116 are just beyond the end of 
the flexible loop, at the start of the LR helix in the disk, but LR extends further back in 
the virus. It may unwind even more in the A-protein than it does in the disk, allowing 
these two residues to lose their fixed conformation. 

all the differences occur in the RNA binding site and the protein region inside this site. 
This region, containing the carboxyl cage and the V helix, is where control of assembly 
is believed to reside [9]. The stability of its secondary and.tertiary structure appears to 
depend on the stability of the carboxyl cage: Four of the carboxyls (95,97, 106, and 
109) are actually part of the flexible loop. Since it is ordered in all helical forms, and 
probably not in any other form, it seems likely that the formation of this central 
ordered protein region is an essential step in the transition from 17-fold (disk) 
symmetry to helical symmetry. V helices from neighboring subunits are only 9 i a p a r t ,  
that is, they are close-packed, so the interactions between neighboring V helices could 
well determine the aggregation state. Thus we see that if the carboxyl cage acts as a 
switch [I91 between the disk and helical forms, the transition is probably mediated 
through the formation of the ordered central protein region. 

The carboxyl residues (the carboxyl cage) are the source of the anomalous pK 

Comparing all the major forms of TMV protein so far examined, we see that almost 
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